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Rings and Familiar Examples

We begin with a few familiar examples.

Z | C | Maxs(R) | Qlz] | 2Z
+,- | +,- +,- +,- | +,- | Operations

0 0 <8 8) 0 0 Additive identity

0 1

10
1 1 ( ) 1 none | Multiplicative identity

The goal of the course is to generalize familiar sets equipped with addition and multiplication.
Along the way, this also generalizes vector spaces, polynomial factorization, prime factorizations,
congruences and the Chinese remainder theorem, and linear transformations (among many others).

Definition 1.1 (Ring) A ring R is a nonempty set equipped with two operations: addi-
tion + : R x R — R and multiplication - : R x R — R. We write +(a,b) as a + b, and we
write -(a,b) as a - b or ab. These operations satisfy the following ring axioms:

1. (Commutativity of addition) a +b=b+a for all a,b € R.
2. (Associativity of addition) (a +b) +c=a+ (b+c¢) for all a,b,c € R.

3. (Existence of additive identity) There exists an element 0 € R such that 0+ a =
a+0=aforallaeR.

4. (Existence of additive inverse) For each a € R, there exists an element —a € R
such that a + (—a) = 0.

5. (Associativity of multiplication) a(bc) = (ab)c for all a,b,c € R.
6. (Distributivity) a(b+ ¢) = ab+ ac and (b+ ¢)a = ba + ca for all a,b,c € R.

Notation 1.2 We call 4 the ring addition and - the ring multiplication. We call 0 the
additive identity, and we call —a the additive inverse of a € R.

In other words, a ring is an abelian group under addition together with a multiplication operation
that distributes over addition.
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Remark 1.3

1. We do not require ring multiplication to be commutative.

2. An element 1 such that 1la = al = a for all @ € R need not exist, but if it does, we
call it the unity of the ring.

Example 1.4 The sets Z, Q, R, C, M, «x»(R), Q[z], and 2Z are all rings. More generally,
if R is a ring, then
M, (R) = {n x n matrices over R}

is a ring with matrix addition and multiplication defined using the operations of R. Explicitly,
if A= (ai;) and B = (b;j) belong to M, (R), then

(A+B)iyj=ajj+by; and  (AB)y = Z k-
k=1

Example 1.5 The set Z[i] of Gaussian integers is a ring under the usual complex addition
and multiplication. The set 2Z = {2k : k € Z} is another example. Also,

CR,R)={f:R— R: fis continuous}
is a ring under pointwise addition and multiplication:

(f+9)(x)=f(z)+g(x) and  (f g)(x)= flz)g(2).
Example 1.6 The following familiar-looking sets are not rings:

1. N={1,2,...} with the usual operations is not a ring because 0 ¢ N.

2. §={0,1,2,...} with the usual operations is not a ring because its nonzero elements
do not have additive inverses.

3. S={2k+1:k € Z} with the usual operations is not a ring because it has no additive
identity.

4. § = { <b g) ta,b e C} with the usual matrix operations is not a ring because it is



PMATH 334 RINGS AND FIELDS WITH APPLICATIONS WINTER 2016

not closed under multiplication. For example,
0 1\ /0 0 10
(0 0) (1 0)=(00)¢s

Lecture 2— Wednesday, January 06, 2016

Recall that a ring R is a nonempty set with an addition + and a multiplication - satisfying the
ring axioms.

Remark 2.1 These are not ring axioms:

1. ab =ba for all a,b € R.
2. There exists 1 € R such that 1a = al = a for all a € R.

3. For every a € R, there exists b € R such that ab = 1.

Notation 2.2 Let a,b € R. Instead of writing a + (—b), we write a — b.

\ J

Special Kinds of Rings

Definition 2.3 Let R be a ring. If ab = ba for all a,b € R, then we say that R is a
commutative ring. Otherwise, we say that R is a noncommutative ring. If there exists
1 € R such that al = la = a for all a € R, then we say that R is a unital ring. We call
the element 1 the unity of the ring.

Example 2.4 Let a,b € Z and let n € Z with n > 1. We say that a = b (mod n) if
n | (a —b). For example, 5 =2 (mod 3). Let

[al, ={b€Z:a=b (modn)},

the congruence class of @ modulo n. By the division algorithm, there exist ¢,r € Z such that
a=ng+randr € {0,1,...,n—1}. Then a =r (mod n). Therefore, for every a € Z, there
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exists b with 0 < b < n such that a = b (mod n). Let

Zn = {[O]v [1]7 R [n - 1]}7
which we call the integers modulo n.
Define
[a] + [b] = [a + b], and [a] - [b] = [ab].

These operations are well-defined. Indeed, suppose that [a] = [a/] and [b] = [b']. Then
n|(a—a)andn| (b—"¥),so
n|(a+0b)—(a +1).
Also,
ab—ad'tl =bla—ad)+d(b-1),

son | (ab—d't'). Hence [a + b] = [a' + V'] and [ab] = [d'V].

These operations make Z, into a ring. Moreover, Z, is a finite ring, meaning that it has

finitely many elements.

Notation 2.5 Instead of writing [a],, we simply write a. The value of n is understood
from context.

Example 2.6 In Zg, we have 2+ 3 =5. In Z5, we have 2 +4 = 1.

These examples compare as follows:

Rings 0 Commutative Unital 1
Z][i] 0+ 0:¢ v v 1+ 0¢
0 0 10
My(Z 1=
2(Z2) (0 o> 8 v (0 1)
CR,R) f=0 v v f=
2Zx] 0 v X none

Example 2.7 Let R = {0} and define 0+ 0 = 0 and 0-0 = 0. This is a ring, called the
trivial ring.
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Remark 2.8 Let (R,+,-) be a ring. We can construct a new ring R’ by taking R’ = R as
a set, keeping the same addition, and defining a - b = 0 for all a,b € R'. We call R’ a ring
with trivial multiplication. Unless otherwise stated, rings have nontrivial multiplication.
We do, however, consider the trivial ring to be a ring.

Proposition 2.9 Let R be a ring. Let a,b,c € R. Then

Proof. For (1), since
a0 = a(0+ 0) = a0 + a0,

adding —(a0) to both sides gives 0 = 0. Similarly, Oa = 0. For (2), we have
(—a)b+ab=(—a+a)b=0b=0,

so (—a)b = —(ab). Similarly, a(—b) = —(ab). For (3), by (2),
(—a)(=b) = —(a(=b)) = —(—(ab)).

Since the additive inverse is unique, —(—(ab)) = ab. For (4), we compute

a(b—c)=a(b+ (—c)) =ab+ a(—c) = ab — (ac) = ab — ac.

O

Proposition 2.10 The additive identity of a ring R is unique.
Proof. Suppose that 0 and 0 are both additive identities. Since 0 is an additive identity, 040 = 0.
Since 0 is an additive identity, 0 + 0 = 0. Hence 0 = 0. O
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Proposition 2.11 Let R be a unital ring. Then the unity of R is unique.

Proof. Suppose that 1 and 1 are both unities. Since 1 is a unity, 1-1 = 1. Since 1 is a unity,
1-1=1. Hence 1 = 1. O

Subrings

Definition 2.12 Let R be a ring. A subring of R is a nonempty subset of R which forms
a ring under the operations of R.

Example 2.13 Z is a subring of both C and R. {0} is a subring of any ring. Q is a subring
of Qlx].

Theorem 2.14 (Subring test) A nonempty subset S of a ring R is a subring of R if

1. a—be Sforall a,be S.
2. abe S for all a,b € S.

The subring test usually makes it much easier to prove that a subset is a ring, because it lets us
use the fact that the ambient ring is already known to be a ring.

As Figure 1 emphasizes, almost all of the ring axioms are inherited from the ambient ring. After
checking nonemptiness, only closure under subtraction and multiplication remains.

S#0 H a-bes H abe S H S<R

{ the ambient ring supplies associativity, distributivity, and additive commutativity }

FIGURE 1
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Lecture 3 — Friday, January 08, 2016

Proof of Theorem 2.14. Let S # () and suppose that S satisfies (1) and (2). The commutativity
of addition, associativity of addition, associativity of multiplication, and distributivity are inherited
from R. For any a € S, we have a —a = 0 € S, so S contains the additive identity. If a € S, then
0,a € S, and hence 0 — a = —a € S. Thus every element of S has its additive inverse in S.

It remains to check closure under addition and multiplication. Closure under multiplication is
exactly (2). If a,b € S, then —b € S, so (1) gives

a+b=a—(-b)€S.

Thus S is a ring under the operations of R. O

Example 3.1 We show that

T:{<a b> :a,b,ceR}
0 c

is a subring of Mj(R). Since the zero matrix belongs to 7', the set 7" is nonempty. For

a,b,c,a,b, ¢ € R, we have
a b\ (a b\ [(aa ab+bc cT
0 ¢/\0 ¢/ \o cc

ab_dB_a—(zb—beT
0 ¢ 0¢/ L0 c—¢ ’

By Theorem 2.14, T is a subring of M (R).

and

Example 3.2 Let R be a ring and take r € R. The centralizer of r is
C(r)={a€R:ar =ra}.

We show that C(r) is a subring. Since Or = 0 = 70, we have 0 € C(r), so C(r) is nonempty.
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If a,b € C(r), then
(a—b)yr=ar—br=ra—rb=r(a-"0),

soa—be C(r). Also,
(ab)r = a(br) = a(rb) = (ar)b = (ra)b = r(ab),

so ab € C(r). By Theorem 2.14, C(r) is a subring of R.

Warning Subrings of unital rings need not be unital. Textbooks differ on whether a subring
of a unital ring is required to contain the same unity.

Example 3.3 The ring 2Z is a subring of Z. The ring Z is unital, but 2Z is not.

Example 3.4 In Zg = {0,1,2,...,5}, the subset S = {0,2,4} is a subring. At first glance
S may appear not to be unital, but 4 is a unity for .S:

0-4=0, 2-4=2  and 4-4=4.

Example 3.5 Consider Z with the usual addition and a new multiplication defined by
a-b = —ab. The subring test cannot be used to prove that this is a ring, because the
multiplication is not inherited from the usual ring structure on Z. Instead, we must check
the ring axioms directly. This ring is unital, with unity —1.

Direct Sums

Definition 3.6 Let Ry, Ro,..., R, be rings. The direct sum of Ry,..., R, is
Ri®Ra® - ® R, ={(a1,a2,...,a,) 1 a; € R; for 1 <i < n},
with operations defined componentwise:

(al,...,an)+(bl,...,bn):(al—i—bl,...,an—i—bn)

10
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and
(al,. . ,an) . (bl,. . .,bn) = (albl,. . .,anbn).

The operations in each component are the operations of the corresponding ring R;. With

these operations, the direct sum is a ring.

\ J

The componentwise character of both operations is pictured in Figure 2. No coordinate interacts
with a different coordinate; this is why properties such as commutativity can be checked one ring

at a time.

matching input coordinates product coordinate

a1 € Ry \—
3 aihhe R
b1 € R -

as € R )
- - > asby € Ry
bg € R2 -

anERn
b, € . a S
R nvn n

addition and multiplication stay within matching coordinates

FIGURE 2

Example 3.7 In C® Z4, we have

(1+41,2) - (4i,3) = (4i — 4,2).

Example 3.8

1. Prove that Ry & --- ® R, is commutative if and only if each R; is commutative.

2. Prove that Ry @ --- @& R, is unital if and only if each R; is unital.

Solution. For (1), we prove both implications.

Forward implication. Suppose that Ry @ --- ® R, is commutative. Fix ¢, and let a,b € R;. Let
x be the element of the direct sum whose ith component is ¢ and whose other components are 0,

11
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and let y be the element whose ith component is b and whose other components are 0. Since the
direct sum is commutative, xy = yx. Comparing the ith components gives ab = ba. Thus R; is
commutative.

Reverse tmplication. Suppose that each R; is commutative. If
x=(a,...,an) and y=(b1,...,by),

then
xy = (a1by,...,apby) = (braq, ..., bpa,) = yz.

Therefore Ry @ - - - @ R,, is commutative.
For (2), we again prove both implications.
Forward implication. Suppose that Ry @ - -- ® R, has unity

e=(e1,...,en).

Fix i and let a € R;. Let x be the element of the direct sum whose ith component is ¢ and whose
other components are 0. Since ex = ze = x, comparing the ith components gives

e;a = ae; = a.

Thus e; is a unity for R;.

Reverse implication. Suppose that each R; has unity 1;. Then
(11,...,1y,)

is a unity for Ry @ - - - & Ry, since multiplication is defined componentwise. O

Integral Domains and Fields

Rings generalize many familiar algebraic objects, including C, Z, and Z,. However, not every ring
is a good analogue of Z, R, or C. Integral domains give a better generalization of Z, while fields
generalize examples such as Q, R, and C.

Definition 3.9 A zero divisor of a ring R is a nonzero element a € R such that there
exists a nonzero element b € R with ab = 0.

12
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Definition 3.10 An integral domain is a nontrivial commutative unital ring with no
zero divisors.

Example 3.11 The ring Z is an integral domain. The ring Z4 is not, since 2-2 =0 in Z4
but 2 # 0.

Example 3.12 The ring M»(R) is not commutative, so it is not an integral domain.

Example 3.13 The ring Zg & Zg is not an integral domain, since

(0,4) - (2,0) = (0,0).

Lecture 4 — Monday, January 11, 2016

Recall that a nonzero element a € R is a zero divisor if there exists 0 # b € R such that ab = 0.
A ring R is an integral domain if it is commutative, unital, and has no zero divisors. Thus Z, C,
Q, and R are all integral domains.

Equivalently, a commutative unital ring is an integral domain if and only if ab = 0 implies that
a = 0 or b = 0. Unital subrings of integral domains are themselves integral domains. For example,
Z[i] is an integral domain because it is a unital subring of C. On the other hand, Z4 is not an
integral domain, since 2 -2 =0 in Zy4.

Proposition 4.1 Let n € Z with n > 2. Then a nonzero element a € Z, is a zero divisor
if and only if ged(a,n) # 1.

Proof. Forward implication. Suppose that a € Z, \ {0} is a zero divisor. Then there exists
0 # b € Zy, such that ab =0 in Z,,. Hence n | ab in Z. If ged(a,n) = 1, then Euclid’s lemma gives
n | b, so b=0 in Zy,, a contradiction. Therefore gcd(a,n) # 1.

Reverse implication. Suppose that ged(a,n) =d # 1. Then d | n and d | a, so n = dk and a = dl
for some k,l € Z. Since d > 1, we have 0 < k < n, and hence k # 0 in Z,,. In Z,,

ak =dlk =nl =0.

13
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Thus a is a zero divisor. O

Corollary 4.2 The ring Z, is an integral domain if and only if n is prime.

Proof. If Z, is an integral domain, then it has no zero divisors. By Proposition 4.1, every nonzero
residue class in Z, is relatively prime to n. Therefore no integer ¢ with 1 < a < n can divide n,
and so n is prime.

Conversely, if n is prime, then every nonzero a € Z, satisfies ged(a,n) = 1. By Proposition 4.1,
Z,, has no zero divisors. Since Z,, is commutative and unital, it is an integral domain. O

Definition 4.3 Let R be a unital ring. We say that a € R is a unit, or invertible, if
there exists b € R such that ab = ba = 1. We denote b by a~ 1.

Definition 4.4 A field is a nontrivial commutative unital ring such that every nonzero
element is invertible, that is, every nonzero element is a unit.

Example 4.5 The rings R, C, and Q are all fields. The ring Z is not a field, because 2 is
not invertible in Z.

Example 4.6 For n > 1, the ring M, (R) is not a field. Indeed, a matrix A € M,(R) is a
unit if and only if det(A) # 0. Moreover, M, (R) is noncommutative.

Example 4.7 Consider
Zsli] = {a+bi:a,be Zs, i =—1}.

For instance,
(1+2))(14+di)=1+4+i+2i—2=—-1+43i=2.

The ring Zs[i] is a field of size 3 -3 = 9. Its addition and multiplication are commutative,
and 1 is a unity. Its nonzero elements have inverses as follows:

1-1=1, 2-2=1, i2)=1, and 2-i=1,

14
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(14+10)(2+7) = 1, (1424)(242i) = 1, (24i)(1417) = 1, and (2420)(1424) = 1.

Notation 4.8 We denote the set of units of a ring R by U(R). The set U(R) is a group
under ring multiplication, called the group of units.

Example 4.9 Let Ry,..., R, be commutative and unital rings. Then

URL DB Ry) ={(a1,...,a,) : a; €U(R;) for each i}.

Definition 4.10 A ring R has right cancellation if ab = ¢b implies a = cfor all a,b,c € R
with b # 0. Similarly, R has left cancellation if ba = bc implies a = ¢ for all a,b,c € R
with b # 0. We say that R is cancellative if it has both left and right cancellation.

Example 4.11 The ring Zg does not have right cancellation, since 2-3 =0-3 but 2 # 0.

Proposition 4.12 Integral domains are cancellative.

Proof. Let R be an integral domain. Suppose that ab = ac with a # 0. Then ab — ac = 0, so
a(b—c¢) = 0. Since R is an integral domain and a # 0, we have b — ¢ = 0, and hence b = c.
Therefore R has left cancellation. Since R is commutative, it also has right cancellation. Thus R
is cancellative. O

Proposition 4.13 Every field is an integral domain (and thus cancellative).

Proof. Let K be a field. Then K is a commutative unital ring by definition, so it remains to
show that K has no zero divisors.

Suppose that ab = 0 for some a,b € K. If b = 0, there is nothing to prove. Otherwise, b has an
inverse b~!. Then
abb~t =0b71,

so a-1 =0, and hence a = 0. Therefore K is an integral domain. O

15
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Example 4.14 Z is an integral domain, but not a field.

Lecture 5— Wednesday, January 13, 2016

2. Ideals, Factor Rings, and Homomorphisms

Recall that integral domains are commutative, fields are integral domains, and Z is not a field.
Also, for a € Z, \ {0}, Proposition 4.1 says that a is a zero divisor if and only if ged(a,n) # 1,
and Corollary 4.2 says that Z, is an integral domain if and only if n is prime.

Theorem 5.1 Every finite integral domain is a field.

Proof. Let R be a finite integral domain. Take 0 # a € R. We show that a~! exists. If a = 1,
then a~! = 1, so suppose that a # 1. Consider the powers

a,a®,a3,at,. ...

Since R is finite, there exist integers i > j such that a’ = a/. By cancellativity, a*~7 = 1. Since
a# 1, wehavei—j>1. Thus aa’ 7' =a" 7 =1,50 a~! = a" 771 Therefore R is a field. [

Corollary 5.2 The ring Z,, is a field if and only if n is prime.

Proof. Forward implication. Suppose that Z, is a field. Then Z, is an integral domain by
Proposition 4.13, so n is prime by Corollary 4.2.

Reverse implication. Suppose that n is prime. Then Z, is a finite integral domain by Corollary 4.2,
S0 Zy, is a field by Theorem 5.1. O]

Proposition 5.3 Let 0 # a € Z,. Then a is a unit if and only if ged(a,n) = 1.

Proof. Forward implication. Suppose that a is a unit. Then a is not a zero divisor. By Proposi-

16
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tion 4.1, we must have ged(a,n) = 1.

Reverse implication. Suppose that ged(a,n) = 1. By Bezout’s identity, there exist x,y € Z such

that az +ny = 1. In Z,, this gives ax + 0 =1, so axz = 1. Hence a is invertible. O
Example 5.4 Every nonzero element of Z,, is either a unit or a zero divisor.

Indeed, if 0 # a € Z,, then either ged(a,n) = 1 or ged(a,n) # 1. In the first case,
Proposition 5.3 shows that a is a unit. In the second case, Proposition 4.1 shows that a is a
zero divisor.

Definition 5.5 Let R be a ring. The characteristic of R, denoted char(R), is the least
positive integer n such that nr = 0 for all » € R. If no such n exists, then we say that
char(R) = 0.

Example 5.6 We have
char(Z) = 0, char(R) = 0, and char(Zy) = n,

and also
char(Zy[z]) = n and char(M,(Z,)) = n.

Let R be a commutative ring of characteristic p, where p is prime. Then p | (i) fork=1,2,...,p—1.
Hence, for a,b € R,
P
p . .
b)P = WP =aP 4+ b,
(a+b) ; (i)a af +

This identity is called the freshman’s dream.

Proposition 5.7 Let R be an integral domain. Then char(R) is either 0 or prime.

Proof. If char(R) = 0, there is nothing to prove. Suppose instead that char(R) > 0, say
char(R) = n. For a contradiction, suppose that n is composite, say n = kl for some 1 < k,l < n.
Then

O=n-1=(kl)-1=(k-1)(L-1).

Since R is an integral domain, either k-1 =0orl-1=0. If k-1 =0, then kr =0 for all r € R,

17
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contradicting the minimality of n. The same contradiction follows if [ - 1 = 0. Therefore char(R)
is zero or prime. O

Example 5.8 We have char(Z,) = p and char(Z) = 0.

Proposition 5.9 If char(R) = 0, then R is infinite.

Proof. Suppose that R is finite. The additive multiples of each r € R must eventually repeat, so
some positive integer n, satisfies n,r = 0. Because R is finite, we may choose a positive integer
N divisible by every n,. Then Nr = 0 for all » € R, contradicting char(R) = 0. Therefore R is
infinite. O

Ideals and Principal Ideals

Our next goal is to construct factor rings.

Definition 5.10 Let R be a ring. A subring S of R is a left ideal if Ra C S for all a € S.
We say that S is a right ideal if aR C S for all @ € S. If S is both a left ideal and a right
ideal, then we call it an ideal.

Example 5.11 27 is an ideal of Z. Take 2k € 27Z. Then for any n € Z, 2kn = 2(kn) € 2Z.

Example 5.12 In any ring R, {0} and R itself are both ideals.

Example 5.13 The ring Z is not an ideal of Z[z]. Indeed, 2 € Z and z € Z[z], but 2z ¢ Z.

Proposition 5.14 (Ideal test) Let R be a ring and let A C R. Then A is an ideal of R if

1. A#0.
2.a—be Aforall a,be A.

3. ar,ra € Aforallac Aandr € R.

18
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Proof. By (1), (2), and Theorem 2.14, the set A is a subring of R, since (3) with » € A in
particular gives closure under multiplication. The same condition (3) says exactly that A absorbs
multiplication by arbitrary elements of R on both sides. Therefore A is an ideal of R. O

Example 5.15 Let R be a commutative ring. The set of nilpotent elements of R,
Nil(R) = {a € R : a* = 0 for some k € N}

is an ideal of R. Certainly 0 € Nil(R). If a™ = 0 and b™ = 0, then every term in the binomial

expansion of
( a— b)m+n—1

contains either a factor a™ or a factor b". Hence (a — b)™™ ! =0, so a — b € Nil(R).

Now let a € Nil(R) and let r» € R. Since a is nilpotent, there exists k¥ € N such that a* = 0.
Because R is commutative,

(ar)k = (ra)k = rFa® =r* .0 = 0.

Therefore ar,ra € Nil(R). By Proposition 5.14, Nil(R) is an ideal of R.

Example 5.16 Let R be the ring of lower triangular 2 x 2 matrices over C, and let

A {(2 eacc)en

The zero matrix belongs to A, so A # ().

a 0 b 0
For (0 0),(() 0>€A,Wehave
a 0y (b 0
0 0 00
a 0\ /b O
0 0/\0 O

By Theorem 2.14, A is a subring of R.

a—5b 0

<0 0>€A
ab 0

(0 0>€A'

and

19
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Now take (x 0) € R. Then
z w

a 0\ /fxz 0\ fax O cA
0 0/\z w/ \0 0 ’
so A is a right ideal of R. However,
1 0\ /1 O 10
(2 3) <0 0) B (2 0) £ 4

Thus A is not a left ideal.

Lecture 6 — Friday, January 15, 2016

Recall that a subring I of a ring R is an ideal if ar,ra € I for all a € I and r € R. For example,
iR is not an ideal of C, since ¢ € iR and i € C, but

i-i=—1¢iR.
If I is an ideal of R, then we write I < R, in analogy with the notation for normal subgroups.
Let R be a commutative unital ring. For aq,...,a, € R, define

(a1,...,an) ={air1 +agra+ -+ apr, : 1, € R}.

In the context of ideals, this is not a tuple! We also write (ai,...,an) = (ai,...,an).
Proposition 6.1 Let R be a commutative unital ring and let a1,...,a, € R. Then
(a1,...,an) is an ideal of R.

Proof. The set (ai,...,a,) is nonempty because 0 = aj - 0+ - - - + a,, - 0 belongs to it. If
xr=a1r1+ -+ aprn and y=a181+---+ apsn

belong to (ai,...,ay), then
r—y=a1(r1—s1)+ -+ an(rn — sn) € (a1,...,an).
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If r € R, then, using commutativity,

re =ai(rr) + -+ an(rry) € (a1,...,an),

and similarly zr € (ay,...,a,). Therefore (ay,...,a,) is an ideal by Proposition 5.14. O
We call this the ideal generated by aj,...,a,. In particular, a; € (ai,...,ay) for all 1 <i <n.
In the context of ideals, (a1, ..., a,) denotes an ideal, not a tuple.

Proposition 6.2 Let R be a commutative unital ring and let a1,...,a, € R. Then

(a1,...,ay) is the smallest ideal of R containing each a;.
Proof. The ideal (aq,...,a,) contains every a;, because the ring is unital. Now let J be any
ideal containing a1, ..., ay,, and take

airy + -+ aprp € (ag, ..., ap).

Since a; € J and J is an ideal of R, each a;r; belongs to J. Hence airy + -+ + anry € J, so
(ai,...,an) C J. Therefore (aq,...,a,) is contained in every ideal that contains all the a;, and is
consequently the smallest such ideal. O

Remark 6.3 For a single element a € R, we have
(a) ={ar :r € R}.

For example, in Z,
(n)={nz:z€Z} =nl.
In Z[x],
() ={z- f(2): f(z) € Z[z]} = {f(x) € Z[z] : f(0) = 0},

the set of polynomials with no constant term.

Question 6.4 What are the ideals of Z7

\ J

Recall the division algorithm: if a,b € Z and b # 0, then there exist unique ¢,r € Z such that
0<r<|bland a=qgb+r.
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Theorem 6.5 Every ideal of Z is of the form (a) for some a € Z.

Proof. Let I < Z. If I = {0}, then I = (0). Suppose that I # {0}. Since I contains a nonzero
integer and is closed under additive inverses, it contains a positive integer. Let a be the smallest
positive integer in I. If b € I, then by the division algorithm there exist ¢,r € Z such that
b=uagq+7rand 0 < r < a. Since r = b — aq € I, the minimality of a forces r = 0. Hence

b=aq € (a), so I C (a). The reverse inclusion is clear because a € I and I is an ideal. Therefore
I = (a). O

Definition 6.6 An ideal of a commutative unital ring R is called a principal ideal if it
is of the form (a) for some a € R.

Theorem 6.5 says exactly that every ideal of Z is a principal ideal.

Example 6.7 Show that every ideal of Z,, is principal.

Solution. Let I 47Z,, and let 7 : Z — 7Z, be the canonical map 7(a) = [a],. Define
J={a€Z:la], €I}
Then J is an ideal of Z. Indeed, J is nonempty because 0 € J. If a,b € J, then [a],, [b], € I, so
[a —bln = [aln — [b]n € I,

and hence a — b€ J. If a € J and r € Z, then

sora € J.

By Theorem 6.5, there is a nonnegative integer d such that J = (d). Since n € J, we have d | n
when d # 0. We claim that

I'= ([d)-
If [a], € I, then a € J = (d), so a = dq for some ¢q € Z. Hence
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Conversely, since d € J, we have [d], € I, and therefore every multiple of [d],, lies in I. Thus
I = ([d],), so every ideal of Z,, is principal. O

Proposition 6.8 If (a) < Z,, then there exists b € Z,, such that b | n in Z and (a) = (b).

Proof. Let b = ged(a,n), computed in Z. Then b | n. Since b | a, we have a = be for some
¢ € Z,so a € (b) and hence (a) C (b) in Z,,. Conversely, Bezout’s identity gives x,y € Z such that
b= ax + ny. In Z,, this says b = az, so b € (a) and hence (b) C (a). Therefore (a) = (b). O

Example 6.9 The ideals of Zj9 are generated by the divisors of 12, with their inclusion
lattice shown in Figure 3. In particular,
(1):{1-7‘:7”6212}:212.

The ideals (2) and (3) are the prime and maximal ideals of Zs.

FIGURE 3

Example 6.10 Take R = Z[z] and let
J=(2%) = {a2® +azz® + - + apz™ :n>2, a; € Z}.

Also let
I:{a0+all‘+"‘+anl’n20,0:&1:0,3:0}.

Then J < R. We claim that I < .J. Addition and subtraction preserve the conditions on the
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coefficients defining I, while the product of two elements of I has degree at least 4 unless it
is zero. Thus [ is a subring of J. If

apr® + - +apat el and box? + b3z + -+ + bypa™ € J,
then
(a2x2 + -+ anx")(b2x2 + - 4 bpa™) = asbaz* + terms of higher order € 1.
Thus I < J. However,
(2421 +z)=a®+ a3+t +25¢ 1,

so I 4 R. Therefore being an ideal is not transitive.

Lecture 7— Monday, January 18, 2016

Prime and Maximal Ideals

Proposition 7.1 Every ring with left cancellation also has right cancellation.

Proof. Suppose that R has left cancellation. Let ab = cb with b # 0. Then
(a—c)b=0= (a—c)0.

If a — ¢ # 0, then left cancellation gives b = 0, a contradiction. Therefore a —c=0,s0 a =c¢. O

Remark 7.2 A ring R can have an element that is left cancellative but not right cancella-
tive.

Recall the ideal lattice of Z1o shown in Figure 4.
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FIGURE 4

Definition 7.3 Let R be a commutative unital ring. A proper ideal P of R is prime if
whenever a,b € R and ab € P, we have a € P or b € P.

Example 7.4 If p is prime, then pZ = (p) is a prime ideal of Z. Indeed, suppose that
ab € (p). Then ab = pn for some n € Z, so p | ab. By Euclid’s lemma, p | a or p | b, and
hence a € (p) or b € (p).

Definition 7.5 Let R be commutative and unital. A proper ideal M of R is maximal if

whenever I < R and
MCICR,

we have I = M or I = R.

Example 7.6 The ideal pZ = (p) < Z is also maximal. Suppose that I < Z and
(p) CICZ.

If (p) # I, then there exists r € I with r ¢ (p), so p { r. Since p is prime, ged(p,r) = 1.
Therefore there exist x,y € Z such that

Thus 1 € I, and so I = Z. Therefore (p) is maximal.

In general, to show that M is maximal, we assume that I < R satisfies M C I C R and M # I,
and then prove that I = R.
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Proposition 7.7 Every maximal ideal is prime.

The quotient-ring viewpoint below will give the proof.

Example 7.8 Let R be commutative and unital.

1. The ideal (0) is prime if and only if R is an integral domain. Indeed, ab € (0) means
ab = 0, so the definition of prime ideal becomes exactly the condition that ab = 0
implies a = 0 or b = 0.

2. Theideal (0) < R is maximal if and only if R is a field. If (0) is maximal and 0 # a € R,
then
0) ¢ (@) C R,

so (a) = R. Hence there exists r € R such that ar =1, and a is a unit. Conversely, if
R is a field, then its only ideals are (0) and R, so (0) is maximal.

3. The ideal (22 + 2x + 1) < R[z] is not prime. Indeed,
(z+ 1) (z+1) =22 +22+1¢€ (2 + 22+ 1),

but  + 1 ¢ (2% + 2z + 1), since every nonzero polynomial in (22 + 2z + 1) has degree
at least 2.

4. The ideal (22 + 2) < Zg[x] is not prime. Since 12 +2 = 3 = 0 in Z3, we have
(r — 1) | 22 + 2 in Zs[z]. Dividing gives
z+1
r—1) 22+ 0x+2
22 +2 |
xz+2
xz+2
0

Therefore 22 + 2 = (x — 1)(z + 1). Since Zs is a field, it is an integral domain, so
deg(f(x)(x? +2)) > 2 for every nonzero f(x) € Zs[z]. Thus x — 1,z + 1 ¢ (2% + 2).

5 Let R=Z ® Z and
I={(0,a):acZ}.
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Then I < R. If (a,b), (d/,V) € R and
(a,b)(d',b") = (ad',bb') € I,

then aa’ = 0. Since Z is an integral domain, a = 0 or @’ = 0. Hence (a,b) € I or
(a',b') € I, so I is prime. However, I is not maximal. Indeed,

J ={(2a,b) :a,b € Z}

is an ideal of R and I C J C R.

Theorem 7.9 (Division algorithm for K[z]) Let K be a field. For all f(x), g(z) € K|[z]
with g(x) # 0, there exist unique ¢(x),r(x) € K|[z] such that

f(x) = g(x)q(z) + r(z),

where r(x) = 0 or deg(r) < deg(g). Here ¢(z) is called the quotient polynomial and r(z)
is called the remainder polynomial.

Proof. This is the usual polynomial long division algorithm over a field. At each step, the leading
coefficient of g(z) can be inverted in K, so the leading term of the current dividend can be cancelled.
The process terminates because the degree strictly decreases at each step, and the final remainder
has degree smaller than deg(g) or is zero. Uniqueness follows because if

9¢+r=9q +r'

with both r and 7’ equal to zero or of degree less than deg(g), then g(q —¢') =" —r. If ¢ # ¢/,
the left-hand side has degree at least deg(g), while the right-hand side has degree less than deg(g),
a contradiction. Hence ¢ = ¢ and then r = 7”/. O

Example 7.10 Let R = Rz] and I = (x 4+ 1). We claim that I is maximal. Suppose that
J < R and
ICJCR.

We show that J = R. Choose f(x) € J\ I. By Theorem 7.9,

f(@) = (& + Dg(z) + r(2),
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where r(x) = 0 or deg(r) < 1. Since f(z) ¢ I, the remainder is nonzero. Hence r(z) € R\ {0},
so r(x) is a unit. Moreover,

r(@) = f(z) = (@ + V() € J.
T

Thus J contains a unit, so J = R. Hence I is maximal in R[z].

Theorem 7.11 Let K be a field. Every ideal of K|x] is principal.

Proof. Let I < K[z|. If I = {0}, then I = (0), so suppose that I # (0). Choose f(z) € I\ {0}

of minimal degree.

Take g(z) € I. By Theorem 7.9,
g(x) = f(z)q(x) +r(z)
for some ¢(x),r(x) € K[z]|, where r(x) = 0 or deg(r) < deg(f). If r(z) # 0, then

r(x) = g(x) — f(x)q(z) € 1,
~ ——
el el
contradicting the minimality of deg(f). Hence r(z) = 0.

Thus g(z) = f(z)q(x) € (f(x)),so I C (f(x)). Since f(x) € I, we also have (f(x)) C I. Therefore
I'=(f(x)). 0

Lecture 8 — Wednesday, January 20, 2016

Set Theory and Zorn’s Lemma

We now prove that every proper ideal I C R in a commutative unital ring is contained in a
maximal ideal.
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Definition 8.1 Let X be a set and let < be a relation on X. We say that (X, <) is a
poset, or partially ordered set, if < satisfies the following properties:

1. (Reflexivity) a < a for all a € X.
(Transitivity) If « < b and b < ¢, then a < c.

2.
3. (Antisymmetry) If a < b and b < a, then a = b.

Definition 8.2 We say that a subset S of a poset X is totally ordered if, for all a,b € S,
either a < bor b < a.

Example 8.3 The poset (N, <) is totally ordered. On the other hand, let S = P({1,2,3})
with the relation C. Since

{1,2} £ {1,3} and {1,3} £ {1,2},

the poset (S, C) is not totally ordered.

Definition 8.4 Let (S, <) be a poset. A maximal element in S is an element a € S such
that, for all b € S, if a < b, then a = b.

Example 8.5 Let
S = {proper subsets of {1,2,3}}

and order S by C. The subset {1,3} is a maximal element. However, it is not a greatest
element, because {2} ¢ {1,3}. Maximality only rules out a strictly larger comparable
element; it does not require every other element to lie below it.

Theorem 8.6 (Zorn’s lemma) Let (X, <) be a nonempty poset. If every totally ordered
subset of X has an upper bound, then X itself has a maximal element.

Theorem 8.7 Let R be a commutative unital ring. Then every proper ideal I C R is
contained in a maximal ideal.
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Proof. Let
S={J<IR:1CJCR}.

Since I € S, the set S is nonempty. Order S by inclusion. Let {Py}.cx be a totally ordered
subset of S, and set
A= P

aeX

We first check that A is an ideal of R. It is nonempty because it contains I. If a,b € A, then
a € P, and b € Pg for some «, 3 € X. Since the family is totally ordered, either P, C Pz or
Pg C P,, so both a and b lie in one of these ideals. Hence a —b € A. If r € R and a € A, then
a € P, for some «, so ra,ar € P, C A. Thus A < R.

For each o, we have P, C A. Suppose for a contradiction that A = R. Then 1 € A, so 1 € Pg for
some 3 € X. This forces P3 = R, contradicting Pg € S. Therefore A # R. Since I C P, for every
a, we also have I C A, so A € S. Thus A is an upper bound for {P,}4cx in S.

By Theorem 8.6, the poset .S has a maximal element; call it M. Then M is an ideal of R containing
I. If M C J C R for some ideal J of R, then J € S, and maximality of M in S gives J = M.
Therefore M is a maximal ideal of R containing I. O

Remark 8.8 This is the usual pattern for applying Zorn’s lemma, including cases where
the order relation is D rather than C.

Factor Rings and Cosets

Definition 8.9 Let R be a ring and let S be a subset of R. The coset of S in R containing
a is
a+S={a+s:seS}

Proposition 8.10 Let R be a ring and let .S be a subring of R. Then the following hold:

1. 0€a+ Sifand only ifa € S.
2. a+S=Sifand only if a € S.
3.a+S=b+Sifandonlyifa—be S.
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4. Either a4+ S=b+Sor (a+S)N(b+S)=0.

Proof. For (1),if0€ a+ S, then 0 =a + s for some s € S, s0 a =—s € S. Conversely, if a € 5,
then —a € S,s00=a+ (—a)€a+S.

For (2), we prove both implications.
Forward implication. Suppose that a +S5 = 5. Since 0 € S, we havea=a+0€a+ S5 =S5.

Reverse implication. Suppose that a € S. If x € a + S, then x = a + s for some s € §,s0 x € S.
Thus a + 5 C S. Conversely, if s € S, then s =a+ (—a+s) € a+ S because —a + s € S. Hence
SCa+S.

For (3), translating by —b shows that the equality a + S = b+ S is equivalent to (a —b) + S = S.
By (2), this is equivalent to a — b € S.

For (4), suppose that (a + S)N (b+S) # 0. Then a + s = b+ s for some s,8' € S. Hence
a—b=s—-se€S By (3),a+S=0b+S5. O

Example 8.11 Let R =7 and S = 2Z. By the division algorithm, for every a € R, there
exist q,r € Z with 0 < r < 2 such that a = 2qg + r. Hence

a+S=2q+r+S=r+2¢+95)=r+5.

Thus the cosets of 2Z in Z are 0+ 5 and 1 + S.

The quotient collapses each row of Figure 5 to a single element: all even integers represent 0+ 27,
while all odd integers represent 1 + 27Z.

-4 =2 0 2 4

0+ 27

1427 -eo—e—e e} o— >
+ : - * $ e odd class

9]

5
<

cosets are either identical or disjoint, so they partition the ring

FIGURE 5
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Remark 8.12 For S = 2Z, an integer a belongs to 0 + S if and only if @ is even, and an
integer b belongs to 1 4 S if and only if b is odd.

Example 8.13 Let R = R[z] and S = (x). By the division algorithm,
f(@) = zq(z) +r(2),
where r(x) = 0 or deg(r) < 1. Hence
f(z)+ S =xqx)+r(x)+S=r(z)+S.

Thus the coset of f(x) is determined by the constant term of f(x), and the cosets of S in R
are

{a+ S :a R}

Lecture 9 — Friday, January 22, 2016

Notation 9.1 Recall that if R is a ring, S is a subring, and a € R, then
a+S={a+s:seS}

By Proposition 8.10, we have a + S =b+ S if and only if a — b € S.

Definition 9.2 Let R be a ring and let S be a subring. We define
R/S={a+S:a€ R},

read as “R modulo S.”

We want operations on R/S to be induced by the operations on R. Define
(a+S)+(B+S)=(a+b+S5

and
(a+ S)(b+S)=ab+ 5.

These operations are not always well-defined; the obstruction is exactly whether S is an ideal.
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Theorem 9.3 Let R be a ring and let S be a subring of R. Then R/S forms a ring under
the operations above if and only if S is an ideal.

Proof. Forward implication. Suppose that S is an ideal of R. We first check that the operations
are well-defined. Suppose that

a+S=a+S and b+S=b+S.
By Proposition 8.10, we have a — a € S and b—beS. Then

(a+b)— (@+0b)

I
£}
|
N
~
+
—~~
S
|
=
m
n

SO

Thus addition is well-defined.

For multiplication, since S is an ideal, we have (a — @)b € S and a(b— b) € S. Therefore
ab—ab = (a —a)b+a(b—b) € S.

Hence ab + S = @b + S, so multiplication is well-defined. The ring axioms for R/S now follow
directly from the ring axioms in R, because the operations are defined by representatives. Therefore
R/S is a ring.

Reverse implication. Suppose that R/S is a ring under these operations. Since S is already a
subring, it remains to check absorption by elements of R. Let a € S and r € R. Since a+S = 0+,
we have

ar+S=@+S)(r+95)=0+S8)(r+5)=0+S5,

so ar € S. Similarly,
ra+S=(r+S)(a+S)=(r+S5)(0+S5)=0+S5,

sora € S. Hence S < R. 0l

Remark 9.4 In the construction of quotient rings, ideals play the same role that normal
subgroups play in the construction of quotient groups.
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Definition 9.5 Any ring of the form R/I, where I < R, is called a factor ring.

Remark 9.6

1. If R is commutative and I < R, then
(a+Db+1)=ab+T=ba+1=b+1)(a+1I),

so R/I is commutative.

2. If R has unity 1, then
1+H(a+I)=1la+I=a+1.

Thus R/I is unital with unity 1+ 1.

3. The coset 0 + I is the additive identity of R/I, since (0+ 1)+ (a + I) = a + I for all
acR.

Example 9.7 Let K be a field. The ring
K(z,y)

is the ring of noncommutative polynomials in = and y over K. For example, 222y # 2zyx
in K(x,y). Let
I ={f € K(x,y): f has constant term 0}.

This is a two-sided ideal: sums and additive inverses preserve the zero constant term, and
multiplying such a polynomial on either side cannot create a constant term. Modulo I, every
polynomial is therefore equal to its constant term, so

K(z,y)/1= K,

which is commutative.

Notation 9.8 In R/I, a+ I is often written as a.

Example 9.9 Let R =7 and I = nZ. Take a € R/I. By the division algorithm, a = ng+r
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for some q,r € Z with 0 < r < n. Therefore

a=nqg+r=nqg+r=0+7=".
Hence
R/I=1{0,1,2,...,n—1}.
These elements are distinct, because if @ = b for a,b € {0,1,...,n — 1}, then a — b € nZ,

and so a = b. Thus Z/nZ = 7,

Remark 9.10

Definition 9.11 Let R be aring and let a € R. The order of a, denoted |al, is the smallest
positive integer n such that na = 0, if such an integer exists.

Example 9.12 In Zs, |3| = 4.

Lemma 9.13 Let R be a ring and let a € R. If m € N satisfies ma = 0, then |a| | m.

Proof. By the division algorithm, m = |a|q 4+ r with 0 < r < |a|. Then
ra = (m —lalg)a=0—-0=0.

If r # 0, this contradicts the minimality of |a|. Hence r = 0, so |a| | m. O

Example 9.14 We determine the number of elements in Z[i]/(2 — i). Since 2 —i = 0, we
have 2 = i. Therefore, for every a + bi € Zli],

a+bi=a+bi=a+b2=a+2b.
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Thus every coset is represented by an integer. Also,
(2—1i)(2+414) =0,

so 5 = 0. Hence

Z[i) /(2 — i) = {0,1,2,3,4}

provided that these five cosets are distinct.

It remains to prove that |1| = 5. Since 51 = 5 = 0, Lemma 9.13 gives |1] | 5. Thus
|1| € {1,5}. Suppose for a contradiction that |I| = 1. Then 1 =0, so 1 € (2 — ). Hence
there exist a,b € Z such that

1=(2-14)(a+bi) = (2a+b) + (2b — a)i.
Equating real and imaginary parts gives
2a+b=1 and 2b—a=0.

Thus a = 2b, and substituting into the first equation gives 5b = 1, impossible for b € Z.
Therefore |1] # 1, so |1| = 5. It follows that

1Z1i)/ (2 i)] = 5.

Lecture 10 — Monday, January 25, 2016

Recall that if R is a ring and I < R, then
R/I ={a+1:ac R},
with operations
(a+I1)b+I)=ab+1 and (a+I)+(b+1)=(a+b)+1I.

These operations are induced by the operations of R. By Theorem 9.3, R/I is a ring if and only
if I is an ideal of R. We often write a + I as a, and Proposition 8.10 gives

a=0 if and only if acl.
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The punchline is that the factor ring R/I can be viewed as the ring obtained by setting every
element of I equal to zero.

Example 10.1 In Z[z]/(x? + 1), we have

234202 4+2 =23 +2(22 4+ 1) = 23 = 7°.

2:

Since 2 + 1 =0, we have 2 = —1, and hence

7’ = -7
Thus 23 + 222 + 2 = —%. Also —z2 =1, so
(m3 + 222 + 2) = (-2)t=-1*=1

Therefore the inverse of x3 + 222 + 2 is Z.

Example 10.2 Let
R = Zy[x]/(2® + 2 + 1).

We find (z +1)~%. In R,

I=1+@2+a+1)=22+x+2=022+x=T2+1,

because 2 = 0 in Zo. Hence
(z+1) ==z

Lemma 10.3 Let R be an integral domain and let f(z),g(x) € R|x] satisfy deg(f) = n
and deg(g) = m. Then deg(fg) = m + n.

Proof. Write . .
f(z) = Z a;x’ and g(x) = Z bz
=0 =0

with @, by, # 0. Then
f(2)g(x) = anbma™™ + terms of lower degree.

Since R is an integral domain and a,, b,, # 0, we have a,b,, # 0. Thus deg(fg) = m + n. O
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Example 10.4 Consider Z[x]. We have deg(2z + 1) = 1 and deg(2z 4+ 2) = 1, but
2z +1)(2x 4+ 2) = 2z + 2,

SO

deg((2z+1)(2x+2))=1#1+1.

This does not contradict Lemma 10.3, because Z,4 is not an integral domain.

Corollary 10.5 Let R be an integral domain and let f(z) € R[z] have degree n. If
g(z) € (f(x)), then either g(z) = 0 or deg(g) > n.

Proof. Since g(x) € (f(x)), there exists h(z) € R[z]| such that g(x) = f(z)h(x). If h(z) = 0,
then g(z) = 0. Otherwise, Lemma 10.3 gives

deg(g) = deg(f) + deg(h) = n.

Example 10.6 We determine the elements of
R = Zylz]/(x?® + z 4 1).
Take f(x) € Zs[x]. By the division algorithm,
f(z) = g(@) (@ + 2+ 1) +r(x),

where r(x) = 0 or deg(r) < 2. Hence

f@) = r(x).

Therefore
R={ax+0b:a,be Zs}.

These elements are distinct. Indeed, suppose that

ar+b=cxr+d
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where a,b, c,d € Zs. Then

(a—c)z+ (b—d) =0,

so (a—c)x+ (b—d) € (z? + 2 +1). By Corollary 10.5, this polynomial must be zero, since
it has degree at most 1. Thus a = ¢ and b = d. Hence R has 22 = 4 elements.

Theorem 10.7 Let R be commutative with unity. Then I < R is prime if and only if R/I
is an integral domain.

Proof. Forward implication. Suppose that I is prime. Since R is commutative with unity, so is
R/I; moreover, I is proper, so R/I is nontrivial. Let @,b € R/I and suppose that ab = 0. Then
ab =0, so ab € I. Since [ is prime, a € I or b € I. Hence @ = 0 or b = 0. Therefore R/I has no
zero divisors, and so R/I is an integral domain.

Reverse implication. Suppose that R/I is an integral domain. Since an integral domain is non-
trivial, I # R. If ab € I, then ab = 0, so ab = 0. Since R/I is an integral domain, @ = 0 or b = 0.
Hence a € I or b € I, and therefore [ is prime. O

Theorem 10.8 Let R be commutative and unital. Then I < R is maximal if and only if
R/I is a field.

Proof. Forward implication. Suppose that I is maximal. Since I is proper, R/I is nontrivial.
Take 0 #a € R/I. Then a ¢ I. Consider the ideal (a) + I. We have

IC(a)+1CR.
Since [ is maximal, (a) + I = R. In particular, 1 € (a) + I, so
l=ab+c

for some b € R and ¢ € I. Passing to cosets gives

l=ab+c=ab+¢c=ab+0=ab.
Thus a is invertible. Therefore R/I is a field.

Reverse implication. Suppose that R/I is a field. Since a field is nontrivial, I # R. Let J < R
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satisfy
I1CJCR.

We show that J = R. Choose a € J\ I, s0o @ # 0in R/I. Since R/I is a field, there exists b € R/
such that ab=1. Thus ab—1 € I C J. Since a € J and J is an ideal, ab € J. Therefore

l=ab—(ab—1) € J.

Hence J = R. Therefore I is maximal. O

Corollary 10.9 Every maximal ideal is prime.

Proof. If [ is maximal, then R/I is a field by Theorem 10.8. Every field is an integral domain,
so Theorem 10.7 implies that I is prime. 0

Example 10.10 Here are some intuitive examples of factor rings that are “isomorphic” to
more familiar rings:

The next goal is to make precise the meaning of isomorphism in these examples.

Lecture 11 — Wednesday, January 27, 2016

Homomorphisms and Isomorphisms

We now make precise the sense in which factor rings such as Z/(n), Q[z]/(z), Z[z]/{(x,2), and
Z[x]/(x? + 1) are the same as the more familiar rings Z,, Q, Z, and Z]i].
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Definition 11.1 Let R and S be rings. A homomorphism from R to S is a map
@ : R — S such that, for all a,b € R, the following hold:

1. p(a+b) = p(a)+ p(b).
2. p(ab) = p(a)p(b).

Example 11.2

1. The map ¢ : Z — Z,, given by a — [a],, is a homomorphism. Indeed,
pla+b) = [a+b] = [a] + [b] = ¢(a) + ¢(b)

and
p(ab) = [ab] = [a][b] = ¢ (a)p(b)
for all a,b € Z.

2. The map ¢ : C - R @ R given by a + bi — (a,b) is not a homomorphism. Since

i? = —1, we have

0(i%) = p(~1) = (~1,0),
but
w(i)p(i) = (0,1)(0,1) = (0,0).

3. The map ¢ : Mp(R) — R given by A — det(A) is not a homomorphism, since
det(A + B) # det(A) + det(B) in general.

Lemma 11.3 Let ¢ : R — S be a homomorphism. Then ¢(0r) = Os.

Proof. We have
©(0r) = ¢(0r + 0r) = ¢©(0r) + ¢(OR).

Adding —¢(0R) to both sides gives ¢(0r) = 0s. O

Definition 11.4 Let ¢ : R — S be a homomorphism. If ¢ is bijective, then we call ¢ an
isomorphism.
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Example 11.5

1. Define ¢ : Rlz] = R by ¢(f(x)) = f(0). This is a homomorphism because

o(f(x) +g(x)) = f(0) + g(0) = o(f(x)) + ¢(g(x))
and
e(f(x)g(x)) = f(0)g(0) = (f(x))e(g(x)).
It is not an isomorphism, since ¢(z + 1) = ¢(1) = 1, so ¢ is not injective.

2. Define ¢ : Zg — Za @© Z3 by ¢(a) = (a,a). First, ¢ is well-defined: if [a]¢ = [b]g, then
6| (a—10b),s02]|(a—0b)and 3| (a —b). Hence [a]s = [b]2 and [a]z = [b]3.

The map ¢ is a homomorphism, since
ola+b) =(a+b,a+b) = (a,a)+ (bd)

and
w(ab) = (ab,ab) = (a,a)(b,b).

It is also injective. If p(a) = ¢(b), then @ = b (mod 2) and a = b (mod 3). Since
ged(2,3) = 1, this implies 6 | (a — b), so a = b in Zg. Since

|Zg| = |Z2 © Zs|,

injectivity implies surjectivity. Thus ¢ is an isomorphism.

Notation 11.6 If R and S are isomorphic, we write R = S.

If R= S, then S is a “relabeling” of R with compatible operations.

Example 11.7 Let R = {a,b} with operations given by the following tables:

+‘ab -‘ab
ala b ala a
blb a bla b

Then R = Zs.
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Lemma 11.8 Let ¢ : R — S be a homomorphism. Then ¢(—r) = —¢(r) for all r € R.

Proof. We have
(=) +@(r) = (-1 +71) = p(0r) = Os.

Thus ¢(—r) is the additive inverse of (). O

Lemma 11.9 Suppose that R is unital and that ¢ : R — S is a surjective homomorphism.
Then the following hold:

1. The ring S is unital, with 1g = ¢(1g).
2. If a € U(R), then ¢(a) € U(S) and p(a)~! = p(a™t).

Proof. For (1), let s € S. By surjectivity, s = ¢(a) for some a € R. Then

¢(1r)s = ¢(1r)p(a) = p(1ra) = p(a) = s.
Similarly, sp(1r) = s. Therefore p(1g) is the multiplicative identity of S, so ¢(1r) = 1.
For (2), suppose that a~! exists. By (1),
plap(a) = pla™"a) = p(1r) = Ls.

Similarly, ¢(a)¢(a™!) = 1g. Therefore ¢(a) is a unit and p(a)~t = p(a™t). O

Theorem 11.10 Let ¢ : R — S be a homomorphism.

1. Forallr € Rand n € N, p(r"™) = ¢(r)" and ¢(nr) = np(r).

2. If A 9 R and ¢ is surjective, then p(A) < S.

3. If A is a subring of R, then ¢(A) is a subring of S.

4. If B < S, then ¢~ !1(B) < R, where ¢~ 1(B) denotes the preimage of B.

Proof. For (1), both identities follow by induction on n from the defining properties of a homo-
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morphism.

For (2), suppose that A < R and ¢ is surjective. Since ¢(0) = 0, the set ¢(A) is nonempty. If
s1,82 € p(A), then s1 = ¢(a) and sg = p(b) for some a,b € A. Hence

s1— s2 = p(a) — (b) = ¢(a — b) € p(A).
Now let s1 = p(a) € p(A) and let r € S. Since ¢ is surjective, 7 = ¢(c) for some ¢ € R. Then
sir = p(a)p(c) = plac) € p(A)

and
rs1 = @(c)p(a) = p(ca) € p(A).
By Proposition 5.14, ¢(A) is an ideal of S.

For (3), if A is a subring of R, then ¢(A) is nonempty because ¢(0) € ¢(A). If s; = ¢(a) and
s2 = p(b) belong to ¢(A), then

51— s2 = @(a—b) € p(A) and s1s2 = @(ab) € p(A).
By Theorem 2.14, p(A) is a subring of S.

For (4), let B < S. The set ¢~ 1(B) is nonempty because ¢(0r) = 0s € B. If a,b € ¢~1(B), then
p(a),¢(b) € B, so
pla—b) = p(a) —¢(b) € B.

Hence a — b € ¢~ 1(B). If a € ¢~!(B) and r € R, then

plar) = pla)p(r) € B and  ¢(ra) = ¢(r)p(a) € B.

Thus ar,ra € ¢~ 1(B), and Proposition 5.14 shows that ¢~!(B) < R. O]

Example 11.11 The inclusion map ¢ : Z — R, defined by ¢(a) = a, is a homomorphism.
Although 27 < Z, its image is ¢(27) = 27, which is not an ideal of R, since the only ideals
of R are {0} and R.
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Lecture 12— Friday, January 29, 2016

Recall that a map ¢ : R — S is a homomorphism if

pla+b)=p(a)+¢b) and  p(ab) = p(a)p(b)

for all a,b € R. If v is bijective, then ¢ is an isomorphism, and we say that R and S are isomorphic.

Definition 12.1 Let ¢ : R — S be a homomorphism. The kernel of ¢, denoted ker ¢, is
kerp ={r € R: ¢(r) = 0g}.
The image of ¢, denoted ¢(R), is

p(R) ={p(r):r € R} CS.

The map ¢ is surjective if and only if p(R) = S.

Proposition 12.2 Let ¢ : R — S be a homomorphism. Then ker ¢ is a two-sided ideal of
R; that is, ker ¢ < R.

Proof. Since ¢(0) = 0, we have 0 € ker ¢, so ker ¢ is nonempty. If a,b € ker ¢ and r € R, then

pla—1b)=gp(a) —p(b) =0-0=0,

so a —b € kerp. Also,
p(ra) = p(r)p(a) = ¢(r)-0=0
and similarly ¢(ar) = 0. By Proposition 5.14, ker p < R. O

Proposition 12.3 Let ¢ : R — S be a homomorphism. Then ¢ is injective if and only if
ker p = {0}.

Proof. Forward implication. Suppose that ¢ is injective. If a € ker ¢, then p(a) = 0 = ¢(0), so
a = 0. Hence ker ¢ = {0}.
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Reverse implication. Suppose that ker o = {0}. If ¢(a) = ¢(b), then

p(a —b) =p(a) — ¢(b) = 0.

Thus a — b € ker ¢, so a —b = 0, and hence a = b. Therefore ¢ is injective. O

Proposition 12.4

1. The map ¢ : R — S defined by ¢(r) = 0 for all » € R is a homomorphism, called the
zero homomorphism.

2. The map ¢ : R — R defined by r — r is the identity isomorphism on R. In
particular, R = R.

3. If p: R — S is an isomorphism, then ¢!

R = S implies S & R.

: S — R is also an isomorphism. Thus

4. If p: R — S and ¢ : S — L are isomorphisms, then ¢ o ¢ : R — L is an isomorphism.
Thus R= S and S = L imply R = L.

5. If ¢ : R — S is an injective homomorphism, then ¢ : R — ¢(R) is an isomorphism.

Proof. The claims in (1) and (2) follow directly from the definitions.

For (3), since ¢ is bijective, ¢! is well-defined. If s1,s2 € S, then

e (s1452) =@ (e (s1) + (0 (52))) = 0 (@ (s1) + 97 (52))) = 0 (s1) + 9 (s2)

and

o (s152) = 0 (e (s1))ple (52))) = @ el (s1)9  (52))) = @ (s1)9 ' (s2).

For (4), since ¢ and v are bijective, ¥ o ¢ is well-defined and bijective. If a,b € R, then

Yo pla+b) =1(e(a) + @) = ¥(p(a)) + ¢(pb)) = ¢ o pla) + ¥ op(b)

and

o plab) = P(p(a)p(b)) = P(p(a))p(p(b) = b o pla)i o p(b).
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For (5), since ¢ is injective, ¢ : R — ¢(R) is well-defined and bijective. If a,b € R, then

p(a+0b) = p(a) + »(b)

and

1. If R is commutative, then S is commutative.

If R is unital, then S is unital.

If char(R) = n, then char(S) = n.

If R is an integral domain, then S is an integral domain.

If R is a field, then S is a field.

AT T R

Proposition 12.5 Suppose that ¢ : R — S is an isomorphism. Then the following hold:

Proof. For (1), take a’,b’" € S. Since ¢ is surjective, ' = ¢(a) and b’ = p(b) for some a,b € R.

Then
a't = p(a)p(b) = p(ab) = p(ba) = p(b)p(a) = b'd'.

For (2), since R is unital and ¢ is surjective, Lemma 11.9 shows that S is unital, with unity ¢(1g).

For (3), first suppose that char(R) = 0. For a contradiction, assume that char(S) = m > 0. For

any a € R,
p(ma) = me(a) = 0.

Since ¢ is injective, ma = 0 for all a € R, contradicting char(R) = 0.
Now suppose that char(R) =n > 0. For any a’ € S, write ' = ¢(a). Then
na’ = ny(a) = p(na) =0,
so char(S) = m exists and m < n. Conversely, for any a € R,
o(ma) = mp(a) = 0.
Since ¢ is injective, ma = 0, so n < m by minimality of n. Hence m = n.
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For (4), by (1) and (2), the ring S is commutative and unital. If o', € S and a'b’ = 0, write
a’' = p(a) and b’ = p(b). Then

0=a't' = p(a)p(b) = p(ab).

Since ¢ is injective, ab = 0. Because R is an integral domain, a = 0 or b = 0, and hence a’ = 0 or
b =0.

For (5), by (1) and (2), the ring S is commutative and unital. If 0 # o’ € S, write a’ = ¢(a).
Since ¢ is injective, a # 0. Because R is a field, a~! exists, and Lemma 11.9 gives

pla™) =p(a) ™' = (a) 7"

Thus every nonzero element of S is a unit. O

Example 12.6 Determine whether the following pairs of rings are isomorphic:

1. M3(R) and R.
2. Zoli] and Zs.

3. Z and 2Z.

4. Ms(Z2) and Zs.

Solution. For (1), the rings are not isomorphic, since R is commutative and My (R) is not.
For (2), the rings are not isomorphic, since Zs[i] has four elements while Zy has two.
For (3), the rings are not isomorphic, since Z is unital and 27Z is not.

For (4), the rings are not isomorphic, since char(Ms(Zs2)) = 2 but char(Zi6) = 16. O

Proposition 12.7 Let R be a unital ring. Suppose that ¢ : R — S is an isomorphism and
f(x) € Z[z]. If r € R satisfies f(r) =0, then f(p(r)) = 0.
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Lecture 13— Monday, February 01, 2016

Proof. Write .
f(z) = Z a;x’
i=0

with a; € Z. Since ¢ is an isomorphism of unital rings, ¢(1) = 1. Therefore p(m) = m for every
m € Z, where integers are interpreted as integer multiples of the unity. If f(r) = 0, then

0=0(0)=¢ (Z air") =D wla)e(r) = aip(r) = f(p(r)).
i=0 i=0 i=0

Example 13.1 We show that Q[v/5] 2 Q[v/2]. Recall that
QIVd] = {a+bVd : a,b e Q}.

The polynomial 2 — 2 has a root in Q[v/2], namely v/2. For a contradiction, assume that
¢ : Q[v2] — Q[v/5] is an isomorphism. By Proposition 12.7, the polynomial 2% — 2 has a
root in Q[v/5]. Therefore there exists a + bv/5 € Q[v/5] such that

(a+bV5)* —2=0.

Expanding gives
a® + 5b% — 2 + 2abv/5 = 0.

Thus a? + 56> — 2 = 0 and 2ab = 0. Since Q is an integral domain, a = 0 or b = 0.

1. If a = 0, then 5b% = 2, so b2 = 2/5, which has no rational solution.

2. If b= 0, then a? = 2, which has no rational solution.

Both cases give contradictions, so Q[v/2] % Q[v/5].

Definition 13.2 Let R be a ring. An isomorphism ¢ : R — R is called an automorphism
of R. The set of automorphisms of R is denoted by Aut(R).
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Proposition 13.3 Aut(Z) = {Idz}. 1

Proof. Let ¢ € Aut(Z). Since ¢ is a surjective homomorphism between unital rings, Lemma 11.9
gives p(1) = 1. It follows that ¢(n) = n for every positive integer n, and Lemma 11.8 gives
@(—n) = —n. Therefore ¢ = Idyz. O

Proposition 13.4 Aut(R) = {Idg}. 1

Proof. Let ¢ € Aut(R). Since ¢ is a surjective homomorphism between unital rings, Lemma 11.9
gives p(1) = 1. It follows that ¢(n) = n for every positive integer n. By Lemma 11.8, homo-
morphisms preserve additive inverses, so ¢(n) = n for every integer n. If n is a positive integer,
then

np(1/n) = p(n)e(1/n) = (1) =1,

so ¢(1/n) = 1/n. Therefore ¢(q) = q for every q € Q.

We next show that ¢ preserves the usual order on R. If a < b, then b —a > 0, so b — a = ¢? for
some ¢ € R. Hence

p(b) = p(a) = (b — a) = p(c*) = p(c)* > 0,
and therefore ¢(a) < ¢(b).
Now let z € R. If ¢(x) > x, choose ¢ € Q such that x < ¢ < ¢(x). Since ¢ preserves order and
fixes Q, we get ¢(x) < ¢(q) = g, contradicting ¢ < ¢(x). Similarly, if p(z) < =z, choose ¢ € Q

such that ¢(z) < ¢ < z. Then ¢ = ¢(¢q) < ¢(x), a contradiction. Therefore p(z) = z for every
z € R, so ¢ = Idg. O

Homomorphisms Between Z,, and Z,,

Question 13.5 What are all possible homomorphisms ¢ : Z,, — Z,?

Recall that if @ € R and n € N satisfy na = 0, then |a| | n.
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Lemma 13.6 If ¢ : R — S is a homomorphism, then |p(a)| | |a| for every a € R with
finite order.

Proof. Since
la| - p(a) = ¢(|a| - a) = p(0) = 0,

Lemma 9.13 implies that |¢(a)| | |al. O

Corollary 13.7 If ¢ : R — S is an isomorphism, then |a| = |p(a)| for all a € R with finite
order.

Proof. By Lemma 13.6, we have |p(a)| | |a|. Applying the same lemma to ¢~! gives

o™ ()] | e(a)l,

s0 |al | |p(a)|. Hence |a| = |¢p(a)|- 0

Remark 13.8 If a € Z,, then |a| | n because na = 0.

Example 13.9 The rings Zs @ Z4 and Zg are not isomorphic. The ring Zg has an element
of order 8, namely 1, while every element of Zs & Z,4 has order dividing 4.

Example 13.10 We find all homomorphisms ¢ : Zg — Z12. Let (1) = a € Z13. Then
w(n) = na for every n € Zg. Since |p(1)| | |1|, we have |a| | 6, so |a| € {1,2,3,6}. Also,
1-1=1in Zg, so a®> = a in Z1. The idempotents in Zy are
0, 1, 4, 9.
Their orders are
0j=1, [1]=12, |4=3, and |9 =4.
Thus a € {0,4}.

If a = 0, then ¢ is the zero homomorphism. If a = 4, define ¢(x) = 4x. This is well-defined:
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if [u]g = [v]g, then 6 | (u —v), so 12 | 4(u — v), and hence [4u]i2 = [4v]12. For z,y € Zg,
olx+y) =4x+y) =4r + 4y

and
p(ry) = dzy = 162y = (47)(dy) = @(z)p(y) (mod 12).

Thus there are exactly two homomorphisms.
Many factor rings are isomorphic to more familiar rings. We now formalize this observation.

Example 13.11

Zlx))(x) =27,  Z/nZ=7,  and  Rlz]/(z? +1)=C.

Lecture 14 — Wednesday, February 03, 2016

The First Isomorphism Theorem

Theorem 14.1 (First isomorphism theorem) Let R, S be rings and let ¢ : R — S be
a homomorphism. Then R/ ker ¢ = ¢(R).

The factorization in Figure 6 is the content of the theorem: ¢ first identifies elements that differ
by something in its kernel, and the induced map W then carries the resulting cosets bijectively
onto the image.

2|

quotient ‘Hy X

‘ R/ker I I o(R) ]

U =

{ @ = V¥ om: quotient by the kernel, then identify with the image J

FIGURE 6
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Proof. Define ¥ : R/ ker p — ¢(R) by

We first check that U is well-defined. Suppose that 7y = 7 in R/ker¢. Then r; — ry € ker ¢, so
©(r1 —r2) = 0. Hence ¢(r1) = ¢(r2), and therefore ¥ (ry) = ¥(72).

The map V¥ is a homomorphism. If @,b € R/ ker ¢, then

U(a+b) =¥(a+0b)=p(a+b)=pla)+ pb) =¥a)+ ¥(b),

and
U(ab) = ¥(ab) = p(ab) = p(a)p(b) = ¥ (a)¥(b).

It is surjective by definition of ¢(R): if s € ¢(R), then s = p(r) = VU(F) for some r € R.

Finally, ¥ is injective. If a € ker ¥, then ¥(a) = 0, so ¢(a) = 0. Hence a € ker ¢, and therefore
a=0in R/ker . Thus ker ¥ = {0}, and Proposition 12.3 shows that ¥ is injective.

Thus ¥ is an isomorphism. O

Corollary 14.2 If ¢ : R — S is a surjective homomorphism, then R/ker p = S.

Proof. If ¢ is surjective, then ¢(R) = S, so this follows immediately from Theorem 14.1. O
Example 14.3 We show that Z/(n) = Z,. Define ¢ : Z — Z, by a — [a],. This is a
homomorphism, and it is surjective because every [a],, € Z, is equal to ¢(a).

We claim that kerp = (n). If a € kery, then [a], = [0]n, so n | a, and hence a € (n).
Conversely, if a € (n), then a = nk for some k € Z, so

p(a) = [nkln = (0]

Thus a € ker ¢, and therefore ker ¢ = (n). By Corollary 14.2,

Z/(n)

I

Zon.
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Example 14.4 Let
I={(a,0):a€e R} <R®S.

We show that (R&®S)/I = S. Define p : R&S — S by ¢(a,b) = b. This is a homomorphism,

and it is surjective because for every s € S, we have ¢(0, s) = s.

The kernel of ¢ is I. Indeed, if (a,0) € I, then ¢(a,0) = 0, so (a,0) € ker¢. Conversely,
if (a,b) € ker ¢, then b = 0, so (a,b) = (a,0) € I. Therefore ker p = I, and Corollary 14.2
gives

(R& 8)/I2 8.

Example 14.5 We show that Z[z]/(z?+1) = Z[i]. Define ¢ : Z[z] — Z[i] by o(f(z)) = f(3).
Then
p(f(2) +9(x)) = F(i) + 9(1) = o(f(2)) + »(g(2)),

and similarly ¢o(f(z)g(z)) = ¢(f(x))p(g(x)), so ¢ is a homomorphism. It is surjective
because, for every a + bi € Z][i], we have ¢(a + bx) = a + bi.

We claim that kero = (22 + 1). If f(z) € (22 + 1), then f(x) = (22 + 1)g(x) for some
g(x) € Z[z], and therefore

Thus (22 + 1) C ker ¢.

Conversely, let f(x) € ker ¢, so f(i) = 0. Because 2% + 1 is monic, polynomial long division
works over Z and gives

f(@) = (@® + 1)q(z) + (),

where 7(z) = 0 or deg(r) < 2. Suppose that r(x) # 0, and write r(z) = ax + b with a,b € Z.
Then
0= f(i) = (i*+1)q(i) + (i) = ai +b.

Since 1 and ¢ are linearly independent over Q, this forces a = b = 0, contradicting r(x) # 0.
Hence r(x) = 0, so f(x) € (x? + 1). Therefore ker ¢ = (x? + 1), and Corollary 14.2 gives

Zlx)/(x* + 1) = Z[4].
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Proposition 14.6 Let R be a ring. Then any ideal I < R is the kernel of some homomor-
phism ¢ : R — S for some ring S.

Proof. Define ¢ : R — R/I by ¢(r) = . This is the quotient map, and it is a homomorphism.
Moreover,
kerop={re R:7=0}=1.

Lecture 15— Friday, February 05, 2016

Fields of Quotients

Theorem 15.1 Let D be an integral domain. Then there exists a field F' such that D is
isomorphic to a subring of F.

Proof. Let
S ={(a,b) :a,be D, b+#0}.

Define a relation ~ on S by
(a,b) ~ (c,d) if and only if  ad = be.

This is an equivalence relation. Reflexivity and symmetry are immediate. For transitivity, suppose
(a,b) ~ (¢,d) and (¢,d) ~ (e, f). Then ad = bc and cf = de. Multiplying the first equality by f
and the second by b gives

adf = bef = bde.

Since d # 0 and D is an integral domain, cancellation gives af = be, so (a,b) ~ (e, f).

Let a/b denote the equivalence class containing (a, b) € S:

% — {(c’ d) €S5: (a,b) ~ (Ca d)}
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Let F' be the set of equivalence classes. Define operations on F' by

ac

:ad—l-bc and

Le a c
d bd b d bd

a
b

The construction deliberately forgets the chosen representative. In Figure 7, multiplying both
coordinates by the same nonzero ¢ changes the pair but not the element of F', because a(bc) = (ac)b.

a(be) = (ac)b
T
-

(ac, be)

(a,b)

c#0

SallES]

equivalent numerator—-denominator pairs represent one field element

FIiGURE 7

Since b,d # 0 and D is an integral domain, bd # 0, so these formulas define elements of F'.

We check that the operations are well-defined. Suppose a/b = a//b' and ¢/d = ¢//d'. Then
abl = a’b and cd’ = /d. For addition,

(ad + bc)(b'd') = adb'd + beb'd = (ab')dd' + (ed'bb = (a’b)dd’ + (c’d)bb’ = (d'd + b’c’)bd.
Thus

ad+bc ad +bvc
bd vd

For multiplication,
(ac)(t'd') = (ab')(cd') = (a'b)(c'd) = (d'c')(bd),

SO //
ac ac

bd — Vd’

Hence both operations are well-defined.

The ring axioms follow from straightforward calculations using the ring axioms in D. The multi-
plication is commutative because

6 e_gc_ca_c g
b d bd db d b
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The unity is 1/1, since
la_a
1 b b
The zero element is 0/1, and a/b = 0/1 if and only if a = 0. If a/b # 0, then a # 0, so (b,a) € S
and
a b _ab 1
b a ab 1
Thus every nonzero element of F' is invertible, and F is a field.

Now define p: D — F by p(a) = a/1. Then

at+b a b
pla+b) = 1 :I-l-I:P(G)‘hO(b)
and b b
a a
p(ab) = 1711 p(a)p(b),

so p is a homomorphism. Moreover,
pla) =0/1 if and only if  (a,1) ~(0,1) if and only if  a=0.

Thus ker p = {0}, so p is injective. Therefore D = p(D), and p(D) is a subring of F. O

Definition 15.2 The field F constructed above is called the field of quotients, or field
of fractions, of D.

Example 15.3 If D = Z, then its field of quotients is isomorphic to Q. If D = K|[z], then
its field of quotients is

{g(x).f( ). g(z) € K[a], g( )#o},

the field of rational functions over K.

Notation 15.4 If K is a field, we denote the field of rational functions over K by

= @ T T T T
K@) = { 8 f(a).ala) € Kl 9t 20}
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Example 15.5 An infinite field of characteristic p > 0 is Z,(x).

Lecture 16 — Monday, February 08, 2016
3. Polynomial Rings and Factorization

Polynomial Rings and Roots

If D is an integral domain and f(z), g(x) € D[z]| are nonzero, then

deg(f(z)g(z)) = deg(f(z)) + deg(g(x))-

Let F be a field, and recall the division algorithm for F[z| (Theorem 7.9): if f(x),g(x) € F|x]

with g(x) # 0, then there exist unique polynomials g(x),r(x) € F[z] such that

f(@) = g(x)q(z) + r(z),

where either r(z) = 0 or deg(r) < deg(g).

Example 16.1 We find the remainder when 3z* 4 22 + 222 is divided by 22 + 42 + 2 in

Z5[;{}]
322+ 4z +0

2?2 +4r+2 ) 3zt + 23+ 222+ 0240
3zt 4203+ 22 |
43 + 2%+ Ox

423 + 2243z |

2z 40

Thus

32t + 2% + 22% = (322 4 4a) (2% 4 4o + 2) + 22

in Zs[x], so the remainder is 2.
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Definition 16.2 Let R be a ring, and let f(z),g(z) € R[z]. We say that g(z) divides
f(z), and write g(x) | f(x), if there exists a polynomial h(z) € R[x] such that

f(z) = g(x)h(z).

Definition 16.3 Let R be a ring and let f(x) € R[x]. An element a € R is a root, or
zero, of f(z) if f(a) =0.

Remark 16.4 If R is a ring and f(x) € R[z], then f(z) determines a function f: R - R
by evaluation. However, two distinct polynomials may determine the same function.

Example 16.5 In Z,[z], the polynomials f(x) = 0 and g(z) = 2P — x are distinct. Nev-
ertheless, by Fermat’s little theorem, g(a) = 0 for every a € Z,. Thus they define the same
function Z, — Z,.

Proposition 16.6 Let F be a field, let a € F, and let f(z) € F[z]. Then f(a) is the
remainder when f(z) is divided by = — a.

Proof. By Theorem 7.9, there exist ¢(x),r(x) € F[x] such that
f(x) = (x —a)q(z) + r(x),

where either r(z) = 0 or deg(r) < 1. Hence r(z) is constant, and evaluating at x = a gives
f(@) = (a— a)qla) +7 =.

Therefore the remainder is f(a). O

Proposition 16.7 Let F' be a field and let f(z) € F[z]. Then a € F' is a root of f(z) if
and only if (z —a) | f(x).

Proof. Forward implication. Suppose that a is a root of f(z). By Proposition 16.6, the remainder
when f(z) is divided by z — a is f(a) = 0. Hence f(z) = (z — a)q(x) for some ¢(x) € F[z], so
(z—a)| f(z).

59



PMATH 334 RINGS AND FIELDS WITH APPLICATIONS WINTER 2016

Reverse implication. Suppose that (x — a) | f(x). Then f(z) = (x — a)g(z) for some g(z) € Flx].
Evaluating at a gives

so a is a root of f(x). O

Combining the remainder theorem and the factor theorem gives the two equivalent routes in
Figure 8. Evaluation at a extracts the remainder modulo z — a, and that remainder vanishes
exactly when z — a is a factor.

evaluate at a

“

remainder on division |

by x —a

[ f@)=0 <= (@—a)| f(=) |

f(z) € Flz] ’_>

a root is precisely a zero remainder modulo the corresponding linear factor

FIGURE 8

By induction, if ay, ..., a, are distinct roots of f(x) € F[z], then

(z—a)(z—a2) - (z—an) | f(x).

Definition 16.8 Suppose that F is a field and f(z) € F[z]. If k € N, (z — a)* | f(x), and
(x —a)**1{ f(x), then a € F is a root of f(z) of multiplicity k.

Proposition 16.9 Let F be a field and let f(x) € F[z] with deg(f) = n. Then f(z) has
at most n roots in F', counted with multiplicity.

Proof. Suppose that f(x) has m roots counted with multiplicity, where m > n. Write these roots
as ay,...,an € F, allowing repetitions according to multiplicity. Then

f(x) = (x—a1)---(z — am)g(x)
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for some nonzero g(x) € F[z]. Therefore

n = deg(f) = m+deg(g) = m > n,
a contradiction. O
It is natural to ask which properties pass from a ring R to the polynomial ring R[z]. Commutativity,
existence of unity, characteristic, and the absence of zero divisors behave well. However, being a

field does not pass to polynomial rings: R is a field, but R[z] is not. Similarly, the property that
every ideal is principal does not pass from Z to Z[z]; for instance, (x,2) is not principal in Z[x].

Proposition 16.10 If D is an integral domain, then D[] is an integral domain.

Proof. The ring D[z] is commutative and unital because D is. It remains to show that D[z] has
no zero divisors. Let

flx) = Z a;z! and g(z) = Z bz’
i=0 Jj=0

be nonzero polynomials, with a,, # 0 and by, # 0. The leading term of f(z)g(z) is anbpz™t™.

Since D is an integral domain, apb,, # 0. Hence f(x)g(z) # 0, so D[z] has no zero divisors. O

Lecture 17— Wednesday, February 10, 2016

We now apply the root criterion from Proposition 16.7 and the root bound from Proposition 16.9.

Example 17.1 Let K be a field. For a € K, we have

Klz]/(x —a) = K.

Proof. Define ¢ : K[z] — K by ¢(f(x)) = f(a). This is a homomorphism, and it is surjective
because every ¢ € K is the image of the constant polynomial ¢. Moreover,

f(z) € kerp

if and only if f(a) = 0, which holds if and only if (x — a) | f(z) by Proposition 16.7. Thus
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ker ¢ = (x — a). By the first isomorphism theorem, Theorem 14.1,

Klz]/{z —a) = K.

Remark 17.2 The analogous statement over C[z] says that the kernel of the evaluation
map Clz] — C at i is (x — ). For the evaluation map Z[z] — Z[i], the corresponding kernel
is (x? 4+ 1), as in Example 14.5.

Example 17.3 There can be more roots than the degree when the coefficient ring is not
an integral domain. In Zg[z], the polynomial 22 — 1 has roots 1,3, 5, and 7. Indeed,

12=32=52=7"=1 (mod 8).

Thus 22 — 1 has four roots in Zg, even though it has degree 2.

Proposition 17.4 If D is an integral domain, then U (D[z]) = U(D).

Solution. First, every unit of D is a unit of D[z], since a constant polynomial whose inverse lies
in D has the same inverse when regarded as an element of D|x].

Conversely, let f(x) € U(D[z]). Then there exists g(x) € D[z] such that

f(x)g(x) = 1.

Since D is an integral domain, degrees add for nonzero polynomials in D[z]. Therefore

deg(f) + deg(g) = deg(1) = 0.

Thus deg(f) = deg(g) = 0, so f and g are constant polynomials. Hence f € D and f has inverse
g € D,so f €U(D). Therefore U(Dl[z]) =U(D). O

Example 17.5 Show that 2z + 1 is invertible in Zy[x].
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Solution. We have
2z +1)(2x+1)=42® + 4z +1=1

in Z4[z]. Hence 2z + 1 is its own inverse. O

Example 17.6 Let F' be an infinite field. Show that if f(a) = 0 for infinitely many a € F,
then f(z) =0 in F[z].

Solution. If f(x) # 0, then Proposition 16.9 shows that f(x) has at most deg(f) roots in F.

This contradicts the assumption that f(x) has infinitely many roots. Hence f(z) = O]
Corollary 17.7 If F' is an infinite field and f(z),g(x) € F[z] agree at infinitely many
values of F, then f(x) = g(x).

Proof. Apply Example 17.6 to h(x) = f(z) — g(z). O

C ) 1
Example 17.8 We find a polynomial in Z[x] whose roots include 3 and —3
Solution. In Q[z], the polynomial
1 n 1
T )\" T3
has the desired roots. Multiplying by 6 gives the integer polynomial
1 1
6(35—2) <x+3> = 62—z — 1.
O

Theorem 17.9 (Fundamental theorem of algebra) Let f(z) € C[z] with deg(f) > 1.
Then f(z) has a root in C.

We borrow this theorem from PMATH 352 without proof.
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Corollary 17.10 Let f(x) € Clz] with deg(f) =n > 1. Then

f(@) = alz —a)(z —az) - (z = an)

for some «,aq,...,a, € C.

Proof. We argue by induction on deg(f). If deg(f) = 1, the result is immediate. If deg(f) > 2,
then Theorem 17.9 gives a root a1 € C, so f(x) = (x — a1)g(z) for some g(x) € C[z]. Applying
the induction hypothesis to g(x) gives the desired factorization. O

Proposition 17.11 Let f(z) € R[z]. If a € C is a root of f(z), then @ is also a root of
f(@).

Proof. Write f(x) = > I, b;z’, where b; € R. Since f(a) =0,

n
1=0

Therefore

f(a) = bia' = biat = biat = 0.
0 i=0 i=0

3

1=

Corollary 17.12 If f(x) € R[z] and deg(f) > 1, then f(z) can be factored over R into
linear factors and irreducible monic quadratic factors.

Proof. By Corollary 17.10, f(x) factors into linear factors over C. The nonreal roots occur in
conjugate pairs by Proposition 17.11. If 5 € C\ R is a root, then

(x—B)(z—B)=2®—(B+F)x+ BB =2*—2Re(B)z + |B8)* € R[z].

Thus, apart from the nonzero leading constant, the real roots give linear factors over R, and the
nonreal conjugate pairs give irreducible monic quadratic factors over R. O
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Irreducibility of Polynomials

Definition 17.13 Let D be an integral domain. A polynomial f(x) € D[z] is irreducible
over D if the following conditions hold:

L f(z) # 0 and f(x) ¢ U(D[z]).

2. Whenever f(x) = g(x)h(z) with g(x),h(x) € D[z], at least one of g(x) and h(x) is a
unit in Dlx].

If f(x) is a nonzero nonunit that is not irreducible, then it is reducible.

Lecture 18 — Friday, February 12, 2016

Example 18.1 The polynomial 2z 4 2 is irreducible over Q. Indeed, if
2z +2 = g(z)h(x)
with g(x), h(x) € Q[z], then ¢g(z) and h(z) are nonzero and
1 = deg(2z 4 2) = deg(g) + deg(h).

Hence either deg(g) = 0 or deg(h) = 0, so one factor is a unit in Q[z].

Example 18.2 The same polynomial is reducible over Z, since
2r+2=2(x+1)

and neither 2 nor z + 1 is a unit in Z[x].

Example 18.3 The polynomial 2% + 1 is irreducible over R, but reducible over C.

Example 18.4 The polynomial 2% — 2 is irreducible over Q, but reducible over R.
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Question 18.5 Which polynomials in C[z] are irreducible over C?

By the fundamental theorem of algebra, every polynomial in C[z] of degree at least 2 factors into
linear terms. The nonzero constant polynomials are units. Therefore the irreducible polynomials
over C are precisely

{ax +b:a,beC, a#0}.

Let K C F be fields. Observe that if f(z) € K[x] is irreducible over F, then f(x) is irreducible
over K. Our goal is to develop tests for deciding when a polynomial f(x) € D[z], with D an
integral domain, is irreducible.

Lemma 18.6 Let F be a field. If f(z) € F[x] has degree at least 2 and has a root in F,
then f(z) is reducible.

Proof. Let a € F be aroot. By Proposition 16.7, f(z) = (z —a)g(x) for some g(x) € F[z]. Since
deg(f) > 2, we have deg(g) > 1, so neither factor is a unit. Thus f(z) is reducible. O

Remark 18.7 The converse is false. The polynomial
2t 4202 41 = (22 +1)2

has no roots in R, but it is reducible over R.

Proposition 18.8 (Reducibility test for degree 2 or 3) Let F be a field. If f(x) € F[z]
has degree 2 or 3, then f(x) is reducible over F' if and only if f(z) has a root in F'.

Proof. Forward implication. Suppose that f(x) is reducible. Then f(x) = g(x)h(z) for some
nonunits g(z), h(z) € F[z]. Hence deg(g) > 1 and deg(h) > 1. Since deg(f) € {2, 3}, one of g and
h has degree 1. Without loss of generality, say deg(g) = 1, so g(x) = ax + b with a # 0. Then
g(—a='h) = 0, so f(z) has a root in F.

Reverse implication. This is Lemma 18.6. O
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Example 18.9 Determine whether the following polynomials are irreducible.

1. In Zs[x], determine whether x2 + 1 is irreducible.
In Zs[x], determine whether 22 + 1 is irreducible.
[

In Zs[z], determine whether x3 + 22 4+ x + 1 is irreducible.

- W N

In Zy[x], where p is prime, determine whether
e SRERE S |
is irreducible.
Solution. For (1), the polynomial 22+1 has no roots in Z3. Since it has degree 2, Proposition 18.8
shows that it is irreducible over Zs.
For (2), the polynomial 2 + 1 is reducible because 2 is a root.
For (3), the polynomial 23 + 2% + x + 1 is reducible because 2 is a root.
For (4), if p = 2, then the polynomial is x + 1, which is irreducible over Zy. If p > 2, then 1 is a

root, since
1P*1+1P*2+...+1+1:p20

in Z,. Therefore the polynomial is reducible for odd primes p. O

Example 18.10 The polynomial 2 — 2 is irreducible over Q because it has no roots in Q
and has degree 2.

Example 18.11 The polynomial z? — 2 is irreducible over Z but reducible over R, even
though Z C R. Thus irreducibility can be lost when the coefficient ring is enlarged.

Question 18.12 If f(z) € Z[x] is reducible over Q, then is it reducible over Z?

Yes. But we cannot yet prove it.
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Definition 18.13 Let
f(x)=apz™ + -+ a1z + ap € Zlz].

The content of f(z) is
content(f) = ged(ag, a1, ..., an).

Definition 18.14 A polynomial f(z) € Z[z] is primitive if content(f) = 1.

Lemma 18.15 The product of two primitive polynomials in Z[z] is primitive.

Proof. Suppose that f(x),g(z) € Z[x] are primitive. For a contradiction, suppose that f(z)g(x)
is not primitive. Then some prime p divides every coefficient of f(z)g(z).

For h(z) € Z[z], let h(x) € Zy[z] denote the polynomial obtained by reducing the coefficients of
h(x) modulo p. Since p divides every coefficient of f(z)g(x), we have

f(x)g(x) =0

in Zy[z]. By Proposition 16.10, Z,[z] is an integral domain, so f(z) = 0 or g(z) = 0. Thus p
divides every coefficient of f(z) or every coefficient of g(z), contradicting that both polynomials
are primitive. Therefore f(z)g(x) is primitive. O

Lecture 19— Wednesday, February 24, 2016

Gauss’s Lemma and Irreducibility Tests

We will use Lemma 18.15: the product of two primitive polynomials in Z[x] is primitive.

Theorem 19.1 (Gauss’s lemma) Let f(x) € Z[z]. If f(x) is reducible over Q, then f(x)
is reducible over Z.
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Proof. Suppose that f(x) is reducible over Q. Then

for some nonconstant g(z), h(z) € Q|x].

First suppose that f(z) is not primitive. Let ¢ = content(f). Then ¢ # 1 and f(z) = c¢fi(x) for
some fi(z) € Z[x], so f(x) is reducible over Z.

Now suppose that f(x) is primitive. Choose positive integers a and b clearing the denominators
of the coefficients of g(x) and h(z), respectively, so that ag(z),bh(x) € Z[z]. Let

c1 = content(ag) and ¢y = content(bh).

Then
ag(z) = c191(x) and bh(x) = cohy(x),

where g1(z), hi(x) € Z[x] are primitive. Hence

abf(x) = cicagr(z)hy(x).

Taking contents on both sides gives ab = ¢j¢a, because f(z) is primitive and g1 (z)hq () is primitive
by Lemma 18.15. Therefore
f(z) = g1(@)hai(z),

and this is a factorization in Z[x] into nonconstant polynomials. Thus f(x) is reducible over Z. O

Remark 19.2 The proof shows a little more. If f(x) € Z[z] and f(x) = g(x)h(x) with
g(x),h(x) € Q[z], then there exist gi(x), hi(x) € Z[z] such that

f(x) = g1 (x)h (),

with deg(g1) = deg(g) and deg(h;) = deg(h).

Remark 19.3 The contrapositive of Theorem 19.1 says that if f(z) € Z[x] is irreducible
over Z, then f(x) is irreducible over Q. That is definitely true. However, the following
converses are false:

1. If f(x) is reducible over Z, then f(z) is reducible over Q.
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2. If f(z) is irreducible over Q, then f(x) is irreducible over Z.

For example, 2z + 2 is reducible over Z but irreducible over Q.

The following theorem plays nicely with Gauss’s lemma to give a test for irreducibility over Q.

s N

Theorem 19.4 (Rational roots theorem) Let
f(x)=apz™ + -+ a1z + ap € Zlz],

where a,, # 0 and ag # 0. If (p/q) € Q, ged(p,q) = 1, and f(p/q) =0, then p | ag and q | ay,.

Proof. From f(p/q) = 0, multiplying by ¢" gives
anp” + an—1p" g+ -+ a1pg" "+ apg" = 0.
Rearranging shows that p | apg™. Since ged(p, q) = 1, this implies p | ap. Similarly, rearranging

the same equation shows that ¢ | a,p™, and hence q | ay,. O

The rational roots theorem gives candidates for rational roots. The conditions p | ap and ¢q | a,
are necessary, not sufficient. For instance, the candidates for rational roots of 22 4+ 1 are +1, but
neither is a root.

Example 19.5 Determine if the following polynomials are irreducible over Q:

L. flx) =2+ Tz +1.
2. f(z)=a3+2%2+2.

Solution. For (1), the quadratic formula gives roots

—7+v45
2 Y

which are not rational. Since deg(f) = 2, Proposition 18.8 shows that f(z) is irreducible over Q.

For (2), the rational root candidates are +1 and 2. None of these is a root, so f(x) has no root
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in Q. Since deg(f) = 3, Proposition 18.8 shows that f(z) is irreducible over Q. O

We now develop irreducibility tests that can be useful beyond degrees 2 and 3.

Theorem 19.6 (Mod p irreducibility test) Let p be prime and let f(z) € Z[z] have
degree greater than 1. Let f(z) € Z,[z] be obtained by reducing the coefficients of f(x)
modulo p. If f(x) is irreducible over Z, and deg(f) = deg(f), then f(z) is irreducible over
Q.

Proof. Suppose that f(x) is reducible over Q. By Gauss’s lemma, Theorem 19.1, and Re-
mark 19.2, there exist nonconstant polynomials g(z), h(x) € Z[x] such that

Reducing modulo p gives
f(x) =g(x)h(z)

in Zy[x]. Since f(z) is irreducible over Z,, one of g(z) and h(z) is a unit. Suppose, without loss
of generality, that g(z) is a unit. Then deg(g) = 0, so

deg(f) = deg(h) < deg(h) < deg(f),

contradicting deg(f) = deg(f). Therefore f(z) is irreducible over Q. O

Lecture 20 — Friday, February 26, 2016

We continue using the mod p irreducibility test, Theorem 19.6.

Example 20.1 Determine if the following polynomials are irreducible over Q.

f(z) =72% — 62% + 32 + 9.
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3, 2, 8 3
f@) =z — o+ gpot g

Solution. For (1), reducing modulo 2 gives
flx) =23+ x4+ 1 € Zoz].

Since f(0) = 1 and f(1) = 1, this cubic has no roots in Zy. By Proposition 18.8, f(x) is irreducible

over Zy. Also deg(f) = deg(f), so Theorem 19.6 shows that f(x) is irreducible over Q.

For (2), multiplying by the nonzero rational number 35 does not affect irreducibility over @Q, so
set
h(z) = 35f(z) = 152* — 102* + 8z + 21 € Z[z].

Reducing modulo 2 gives
h(z) = 2"+ +1 € Zy[a].
This polynomial has no roots in Zo. Since it has degree 4, the only possible nontrivial factorization
over Zy would be a product of two irreducible quadratics. The only irreducible quadratic in Zg|x]
is 22 + 4+ 1, and
(+r+1)2 =242 +1#42" v+ 1.

Thus h(x) is irreducible over Zs. By Theorem 19.6, h(z) is irreducible over @, and hence so is

f(@). m

Theorem 20.2 (Eisenstein’s criterion) Let
f(x)=apz™ + -+ a1z + ap € Zlz].

If there exists a prime p such that p{ ay,, p | a; for 0 < i <n — 1, and p? { ag, then f(z) is
irreducible over Q.

Proof. For a contradiction, suppose that f(z) is reducible over Q. By the proof of Gauss’s lemma,
we may write

f(x) = g(x)h(z),
where g(z), h(x) € Z[x] and both have positive degree. Write

g(x):br$T+"’+b1$+b0 and h(]}):csggs+...+clx+60.
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Since ag = boco, p | ao, and p? t ag, exactly one of by and ¢y is divisible by p. Suppose, without
loss of generality, that p | by and p 1 co.

Also p 1 a, = bycs, so ptb.. Let t be the least index such that p 1 b;. Since p | b; for every i < t,
the coefficient
a; = bico +by_1c1 + -+ + bocy

satisfies
pla and  p|bi_1c1 + -+ bocs.

Therefore p | bico. Since p 1 g, this forces p | by, contradicting the choice of ¢. Hence f(x) is
irreducible over Q. O

Example 20.3 Determine whether the following polynomials are irreducible over Q.

f(z) = 52" —122° 4 622 + 15z + 6.

f(z) = ng) + gx4 + 1523 + ng + 62 + %

Solution. For (1), since 315, the prime 3 divides every other coefficient, and 32 { 6, Eisenstein’s
criterion with p = 3 shows that f(x) is irreducible over Q.

For (2), multiplying by 14 gives
h(z) = 14f(z) = 3525 + 63z + 21023 + 1822 + 84z + 3.

Since 3 1 35, the prime 3 divides every other coefficient, and 32 { 3, Eisenstein’s criterion shows
that h(x) is irreducible over Q. Multiplication by a nonzero rational number does not affect
irreducibility over Q, so f(x) is irreducible over Q. O]

Question 20.4 How does irreducibility of f(z) € F[z] affect the quotient ring F'[x]/(f(z))?
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Example 20.5 The quotient R[z]/(x? — 2) is not an integral domain. Indeed, x? — 2 is
reducible over R, and in the quotient we have

r—V2r+vV2=22-2=0,

while neither factor is zero.

Theorem 20.6 Let F be a field and let f(z) € F[z]. Then (f(x)) is maximal if and only
if f(z) is irreducible.

Proof. Forward implication. Suppose that (f(x)) is maximal. Then f(x) # 0 and f(x) is not a
unit, since (0) is not maximal and (f(x)) = F[x] when f(x) is a unit. Suppose

f(@) = g(x)h(z)

with g(z), h(x) € Flz]. If g(z) is not a unit, then

(f(z)) € (g(x)) # Flx].

By maximality, (f(z)) = (g(x)). Hence g(x) = f(x)u ( ) for some u(z) € F[z]. Comparing degrees

) =
in the equation f(z) = g(x)h(z) gives deg(h) = 0, so h(z) is a unit. Thus f(z) is irreducible.

Lecture 21 — Monday, February 29, 2016

Proof continued. Reverse implication. Suppose that f(z) is irreducible. Let I < F[x] satisfy

(f(z)) € I C Fla].

Since every ideal of F'[z] is principal, write I = (g(z)). Because f(z) € I, there exists h(z) € Fx]
such that

f(x) = g(@)h(x).

Since f(x) is irreducible, either g(x) is a unit or h(x) is a unit. If g(x) is a unit, then I = F[z]. If
h(z) is a unit, then (f(z)) = (g(x)) = I. Therefore (f(x)) is maximal. O
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Corollary 21.1 Let F be a field and let f(x) € F[z]. Then F[z]/(f(z)) is a field if and
only if f(x) is irreducible.

Proof. By Theorem 20.6, f(x) is irreducible if and only if (f(x)) is maximal. By Theorem 10.8,
this is equivalent to F[z]/{f(x)) being a field. O

Corollary 21.2 Let F' be a field and let p(z) € F[z] be irreducible. If a(z),b(z) € Flx]
and p(z) | a(x)b(x), then p(x) | a(x) or p(x) | b(z).

Proof. Let R = F[z]|/(p(x)). By Corollary 21.1, R is a field. Suppose that p(z) | a(z)b(z). Then
a(x)b(x) € (p(x)), so in R we have

a(z)b(z) =0
Since R is a field, it is an integral domain. Hence a(z) = 0 or b(z) = 0. Therefore a(z) € (p(z))
or b(z) € (p(z)), which means p(z) | a(x) or p(z) | b(x). O

The punchline is that for a field F', the irreducible polynomials in F[z] behave like prime numbers
in Z.

Example 21.3 The quotient Z[z]/(x + 1) is isomorphic to Z, which is not a field. Thus
(x 4+ 1) is not maximal in Z|x].

We use this theory to construct fields of size p*, where p is prime and k € N.

Example 21.4 We construct a field of size 8. A field of size 8 must have characteristic 2,
so we work over Zs. The polynomial

f@)=a3+z+1
has no roots in Zg, so it is irreducible over Zs by Proposition 18.8. Hence
R = Zoz]/(z® + z + 1)

is a field by Corollary 21.1.
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Every element of R has a representative of degree at most 2. Indeed, if g(z) € Zs[z], then
by the division algorithm,

g9(x) = f(z)q(x) + r(z),

where r(x) = 0 or deg(r) < 2. Thus g(x) = r(x) in R. Therefore
R={a+br+cx*+ (f(2)): a,b,c €Ly},

so |R| =23 =38.

Example 21.5 Since x2 + 1 is irreducible over Zs, the quotient
Zslx)/(x® +1) = {a+ bz + (x® + 1) 1 a,b € Z3}
is a field of size 9. This agrees with the earlier isomorphism

Zala)/{a? +1) = Zg[i).
Divisibility in Integral Domains

Many notions discussed in F'[z] have analogues in Z, including irreducible elements, prime elements,
principal ideals, and unique factorization. We now generalize these notions to abstract integral
domains.

Definition 21.6 Let R be an integral domain and let a,b € R. We say that a and b are
associates if a = ub for some unit u € U(R).

Definition 21.7 Let R be an integral domain. An element a € R is irreducible if a # 0,
a ¢ U(R), and whenever a = bc with b, c € R, at least one of b and ¢ is a unit.

Definition 21.8 Let R be an integral domain. An element ¢ € R is prime if a # 0,
a ¢ U(R), and whenever a | bc with b,c € R, we have a | b or a | c.

Recall that in a ring R, we write a | b if b = ac for some ¢ € R.
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Remark 21.9 Let R be an integral domain.

1. In F[z], where F is a field, irreducible elements and prime elements coincide.

2. An irreducible element a € R need not generate a maximal ideal. For example,
Z[z]/{x) = Z is not a field, so (z) is not maximal in Z[z].

The takeaway is that there is something “special” about F'[z]| and Z, which is the following:

Definition 21.10 An integral domain R is a principal ideal domain (PID) if every
ideal of R is principal.

Example 21.11 If F'is a field, then F[z] is a principal ideal domain. The ring Z is also a

principal ideal domain, and every field is a principal ideal domain.

Lecture 22— Wednesday, March 02, 2016

We continue with irreducible and prime elements in integral domains, and with principal ideal
domains.

Theorem 22.1 Let R be an integral domain. If ¢ € R is prime, then a is irreducible.

Proof. Suppose that a is prime. Then a # 0 and a ¢ U(R). If a = be, then a | be. Since a is
prime, a | b or a | ¢. Suppose, without loss of generality, that a | b. Then b = ax for some = € R,
and hence

a = bc = axc.

Since R is an integral domain and a # 0, cancellation gives 1 = xc¢. Thus ¢ is a unit. Therefore a
is irreducible. O

Theorem 22.2 Let R be a principal ideal domain. An element of R is prime if and only
if it is irreducible.

Proof. Forward implication. This is Theorem 22.1.
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Reverse implication. Suppose that a € R is irreducible. Let a | be, where b, ¢ € R. Consider the
ideal
I ={a,b).

Since R is a principal ideal domain, I = (d) for some d € R. Since a € I, there exists r € R such
that a = dr. Since a is irreducible, either d is a unit or r is a unit.

If d is a unit, then I = R. Hence there exist x,y € R such that
ax + by = 1.

Multiplying by c gives
acx + bey = c.
Since a | acz and a | be, it follows that a | c.

If r is a unit, then a and d are associates, so (a) = (d) = I. Since b € I, we have b € (a), and
hence a | b.

Thus a | b or a | ¢, so a is prime. O

Corollary 22.3 Let F be a field. Then any nonzero prime ideal in F[z] is maximal.

Proof. Let P be a nonzero prime ideal of F[z]. Since F[z] is a principal ideal domain, P = (p(x))
for some nonzero p(z). The fact that P is proper makes p(z) a nonunit, while primality of P
makes p(z) a prime element. By Theorem 22.2, p(x) is irreducible. Hence P is maximal by
Theorem 20.6. O

Theorem 22.4 Let R be a principal ideal domain and let @ € R be nonzero. Then a is
irreducible if and only if (a) is maximal.

Proof. Forward implication. Suppose that a is irreducible. Let I < R satisfy
(a) CI CR.

Since R is a principal ideal domain, I = (b) for some b € R. Because a € (b), there exists ¢ € R
such that a = be. Since a is irreducible, either b is a unit or ¢ is a unit. If b is a unit, then I = R.
If ¢ is a unit, then a and b are associates, so I = (b) = (a). Therefore (a) is maximal.
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Reverse implication. Suppose that (a) is maximal. By Corollary 10.9, (a) is prime. Hence a is a
prime element, and Theorem 22.1 shows that a is irreducible. O

Corollary 22.5 If R is a principal ideal domain, then every nonzero prime ideal is maximal.

Proof. Let P be a nonzero prime ideal. Since R is a principal ideal domain, P = (a) for some
nonzero a € R. The fact that P is proper makes a a nonunit, while primality of P makes a a prime
element. Thus a is irreducible by Theorem 22.1, and P = (a) is maximal by Theorem 22.4. [

We now produce an example of an irreducible element that is not prime. Let d € Z be squarefree
with d # 1, and consider
ZIVd) = {a+bVd : a,b € L}.

Define
N :Z[Vd] = Z>o, N(a+bVd) = |a® — db?|.

This function is the norm on Z[v/d).

Proposition 22.6 Let R = Z[V/d], where d is squarefree and d # 1. Then, for z,y € R,
the following hold:

1. N

(

N(zy) = N(z)N(y).
(:c) 1 if and only if z € U(R).
(

x) = 0 if and only if z = 0.

r’>.°°!\3
2

f N(x) is prime, then z is irreducible.

Proof. For (1), if # = a + bV/d, then N(z) = 0 if and only if a® = db®. Since d is squarefree, this
forces a = b = 0. The converse is immediate.

For (2), write z = a + bvd and y=c-+ ev/d. Then
zy = (ac + bde) + (ae + be)Vd.
A direct calculation gives
(ac + bde)? — d(ae + be)? = (a? — db®)(c® — de?),
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and taking absolute values gives N(zy) = N(z)N(y).
For (3), suppose that z is a unit, and choose y € R with xy = 1. Since N(1) =1, (2) gives
1= N(1) = N(zy) = N@)N (),
so N(z) = 1. Conversely, suppose that N(z) = 1 and write 2 = a + bv/d. Let T = a — bv/d. Then
2T = a? — db? = +1,
so x is invertible in R.

For (4), suppose that N(z) is prime and x = ab with a,b € R. Then

Since N (z) is prime in Z, one of N(a) and N(b) is equal to 1. By (3), one of a and b is a unit.
Thus z is irreducible. O

Remark 22.7 If ¢ and b are associates in Z[v/d], then N(a) = N(b). The converse is false
in general.

Example 22.8 The element 1 4 /=3 is irreducible but not prime in Z[y/—3|. Its norm is
N(1+V=3) =4,

s0 it is not a unit. Suppose that 1+ +/—3 = xy with z,y € Z[v/—3]. Then 4 = N(z)N(y).
There is no element of norm 2, because

N(a+by/=3) =2

would imply a? + 3b% = 2, which has no integer solutions. Therefore one of N(x) and N (y)
is equal to 1, so one of z and y is a unit. Thus 1 + 1/—3 is irreducible.

However,

(1+vV=3)(1-vV=3)=4=2.2,
so (14++/=3)|2-2. We claim that (1 ++/—3) 1 2. If it did, then

2= (1++v=3)(a+b/-3)
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for some a,b € Z. Comparing coeflicients gives
2=a—-3b and 0O=a+0b

Thus a = 1/2, which is impossible. Hence (1 ++/—3) {2, and 1 + v/—3 is not prime.

Lecture 23 — Friday, March 04, 2016

Unique Factorization Domains

Example 23.1 The element 7 is irreducible in Z[v/5]. Suppose that 7 = zy. Then

It is impossible for an element to have norm 7: if = a + bv/5 and N(x) = 7, then
a® — 5b* = £7.
Reducing modulo 5 gives a? = £2 (mod 5), but 2 and 3 are not quadratic residues modulo
5. Hence the only possible norm factors are 1 and 49. Therefore one of x and y has norm 1,
so one of them is a unit. Thus 7 is irreducible.
Example 23.2 It is not always true that U(Z[Vd]) = {1, —1}. ITn Z[/5],
N@2+V5)=4—-5 =1,

s0 24 /5 is a unit.

If F'is a field, then F'[z] is a principal ideal domain, so irreducible elements are prime in F[z]. We
now ask whether F'[z]| has unique factorization.

Definition 23.3 An integral domain R is a unique factorization domain (UFD) if the
following hold:
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1. Every nonzero nonunit element of R can be written as a product of irreducibles; and

2. Such factorizations into irreducibles are unique up to reordering and replacing factors
by associates.

Example 23.4 The ring Z is a unique factorization domain, because every nonzero nonunit
integer can be written as a product of prime numbers, and this factorization is unique up to
reordering and replacing factors by +1.

Example 23.5 The ring Z[z] is a unique factorization domain. We will skip the proof here,
which is essentially an involved application of Gauss’s lemma.

Example 23.6 Every field is a unique factorization domain, vacuously, because it has no
nonzero nonunit elements.

Definition 23.7 Let R be a ring. We say that R satisfies the ascending chain condition if
whenever
LCLCClz3C---

where I; < R for each 4, there exists N such that Iy = Iny1 = Iny4o = ---. Similarly, we
say that R satisfies the descending chain condition if whenever

LD, 21320 ---

where I; < R for each 4, there exists N such that Iy = Inyy1 = Inyo = ---. A ring is
Noetherian if it satisfies the ascending chain condition, and is Artinian if it satisfies the
descending chain condition.

Proposition 23.8 Any field is both Noetherian and Artinian.

Proof. A field has only two ideals, {0} and the field itself. Thus any ascending or descending
chain of ideals must stabilize immediately. O

Lemma 23.9 Every principal ideal domain is Noetherian.
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Proof. Let R be a principal ideal domain, and let
LCLCI3C---
be an ascending chain of ideals. Set

o
I:Uh
i=1

Then [ is an ideal. Since R is a principal ideal domain, I = (a) for some a € R. The element a
belongs to I for some N, and hence

I=<CL> QIN

Thus Iy = Iny1 = INy2 = - -+, so every ascending chain of ideals stabilizes. O

Theorem 23.10 Every principal ideal domain is a unique factorization domain.

Proof. Let ag € R be a nonzero nonunit. We first show that ag has an irreducible factor. If ag
is irreducible, there is nothing to prove. Otherwise, write ag = biai, where neither by nor a; is
a unit. If aq is not irreducible, write a3 = bsas with b and as nonunits. Continuing in this way
would produce a strictly ascending chain

<a0> Q <a1> g <a2> g

This contradicts Lemma 23.9. Hence the process stops, and some factor is irreducible.

Now write ag = pic1, where pp is irreducible. If ¢; is a unit, then ag is already a product of
irreducibles. Otherwise, apply the previous paragraph to c¢; and continue. The same argument
using an ascending chain shows that this process must stop, so ag is a product of irreducibles.

For uniqueness, suppose
a=pip2- Pt =4q192 " (s

are two factorizations into irreducibles. By Theorem 22.2, each p; and ¢; is prime. Since p; |
q1G2 - - - s, we have p; | ¢; for some j. After reordering, assume p; | ¢1. Since g; is irreducible,
p1 and ¢ are associates. Cancelling associate factors reduces the equality to a shorter equality of
products of irreducibles. Repeating this argument shows that the two factorizations agree up to
reordering and associates. O
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Example 23.11 If F' is a field, then F[x] is a principal ideal domain, and hence F[z] is a
unique factorization domain.

Example 23.12 The ring Z[z| is a unique factorization domain but not a principal ideal
domain.

Example 23.13 The ring Z[y/—5] is an integral domain but not a unique factorization
domain. Indeed,

(I+vV-5)(1-+v-5)=6=2"3.
We claim that 1+ /=5, 1 — /=5, 2, and 3 are irreducible. Their norms are

N(1++/=5)=N(1—-+-5) =6, N(2) = 4, and  N(3)=09.

If one of these elements factored nontrivially, then the norms of the two nonunit factors
would have to include a factor of norm 2 or 3. But

N(a +byv/—=5) = a* + 5b*

is never equal to 2 or 3 for integers a, b. Hence all four elements are irreducible. The displayed
equality therefore gives two distinct factorizations of 6 into irreducibles.

Lecture 24 — Monday, March 07, 2016

Euclidean Domains

Remark 24.1 Let R = Z[\/&], where d is squarefree. If a,b € R are associates, then
N(a) = N(b). Therefore N(a) # N(b) implies that a and b are not associates. The converse
need not hold.

Our next generalization is to integral domains that admit a division algorithm.
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Definition 24.2 An integral domain R is a Euclidean domain if there exists a function
d: R\ {0} - NuU{0}
such that the following hold:
1. d(a) < d(ab) for all a,b € R\ {0}.
2. For all a,b € R with b # 0, there exist ¢,r € R such that
a=0bqg+r,

where either r = 0 or d(r) < d(b).

The function d is called a measure.

Note that the elements ¢ and r in Definition 24.2 are not required to be unique.

Remark 24.3 The ring Z is a Euclidean domain with measure d(a) = |a|. Indeed, if
a,b € Z and b # 0, then there exist unique q,r € Z such that

a=bg+r, 0<r<|b.

Example 24.4 If F is a field, then F[z] is a Euclidean domain with measure d(f(z)) =
deg(f(x))-

Example 24.5 The Gaussian integers Z[i| form a Euclidean domain with measure
d(a + bi) = a* + b* = N(a + bi).
For nonzero a, b € Z[i], we have
d(ab) = N(ab) = N(a)N(b) > N(a) = d(a).

Now let z,y € Z[i] with y # 0. In Q[é], write

:L’y_l =s+1
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with s, € Q. Choose integers n and m nearest to s and ¢, respectively. Then

zy = (n4mi) + (s — n) + (t — m)i,

z=(n+mi)y+ ((s—n)+ (t —m)i)y.

Let
g=n-+mi and  r=((s—n)+({t—m)i)y.

Then x = qy + r. If r # 0, then

Thus Z[i] is a Euclidean domain.

Theorem 24.6 Every Euclidean domain is a principal ideal domain.

Proof. Let R be a Euclidean domain with measure d, and let I < R be a nonzero ideal. Choose
a € I\ {0} with d(a) minimal among the measures of nonzero elements of I.

Now take b € I. Because a € I and I is an ideal, we have (a) C I. By the Euclidean property,
there exist ¢, € R such that
b=aqg+r,

where 7 = 0 or d(r) < d(a). Since r = b — aq € I, the minimality of d(a) forces r = 0. Hence
b=aq € (a). Thus I = (a), so I is principal. O

Corollary 24.7 Every Euclidean domain is a unique factorization domain.

Proof. This follows from Theorem 24.6 and Theorem 23.10. O
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Example 24.8 The ring Z[i] is a principal ideal domain, hence a unique factorization
domain.

We have shown that every Euclidean domain is a principal ideal domain, and every principal ideal
domain is a unique factorization domain. However, the converses are false. For example, Z[z] is a

unique factorization domain but not a principal ideal domain.

The hierarchy in Figure 9 keeps the valid implications separate from their failed converses.

always . ] ) always ] . ]
Euclidean domain g principal ideal domain 4{ unique factorization domain
______ P
not conversely not conversely
FIGURE 9

Example 24.9 Let
14++v/-19
—

Then Z[0] is a principal ideal domain, but it is not a Euclidean domain.

9:

4. Field Extensions

Field Extensions and Splitting Fields

Definition 24.10 A field K is an extension field, or field extension, of a field F' if
F C K and the operations on F' are the restrictions of the operations on K. Equivalently,
F' is a subfield of K. In this situation, we write F' C K.

Example 24.11 We have R C C, Q C Q(z), and Z3 C Zs(x).

Let F' be a field and let f(z) € Fx] be irreducible. Then Fx]/(f(z)) is a field by Corollary 21.1.
We view it as a field extension of F' through the natural embedding

F — Flz]/{f(z)), a~ a.
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Lecture 25— Wednesday, March 09, 2016

Notation 25.1 The notation F' C K may mean either that F' is literally a subfield of K,
or that I is identified with a naturally embedded isomorphic copy inside K.

Example 25.2 The containment Q C C is literal. The containment Zs C Zs(x) is via
[a]5 — [a]5. The containment

Q C Q[z]/(z® - 2)

is via a — @.

Remark 25.3 If F is a subfield of K, then every polynomial in F[z] may be viewed as a
polynomial in K[z|. If instead F' is identified with a subfield of K through an isomorphism
p: F— ¢(F) C K, then

f(z) =apz™ + -+ a1z + ag € Flz]

corresponds to

@)= elae € Klal.
=0

There are two main motivations for studying field extensions.

1. We can find roots of polynomials in larger fields.

2. If FF C K, then K is an F-vector space, where vector addition is addition in K and scalar
multiplication is multiplication in K.

Theorem 25.4 (Kronecker’s theorem) Let F be a field and let f(z) € F[z] be noncon-
stant. Then there exists an extension field E of F such that f(z) has a root in E.

Proof. Since F[x] is a unique factorization domain, f(x) has an irreducible factor p(z). Write
f(z) = p(x)h(z) in F[z]. Consider
E = Flyl/(p(y))-
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Since p(y) is irreducible over F', Corollary 21.1 shows that E is a field. Also F' embeds into E by
ar—a.

The element § € E is a root of p(x), because

Therefore

so f(x) has a root in the extension field E. O

Corollary 25.5 Let R be an integral domain and let f(x) € R[z] be nonconstant. There
exists a field K with R C K such that f(z) has a root in K.

Proof. Let @ be the field of fractions of R. Then R C @ and f(x) € Q[z]. Apply Theorem 25.4.
O

Example 25.6 The integral domain hypothesis in Corollary 25.5 is necessary. Consider
f(z) =2z 41 € Z4[z]. If f(x) had a root a in a ring extension of Z4, then 2a +1 = 0.
Multiplying by 2 gives 2 = 0, a contradiction to the copy of Z, inside the extension.

Definition 25.7 Let FF C K be a field extension and let @ € K. We denote by F(a)
the smallest subfield of K containing both F' and «, and we say that F'(«) is obtained by
adjoining « to F'.

This field exists because it is the intersection of all subfields of K that contain F' and a:

F(o)=(\{E:FCECK, Eisafield, a € E}.

Example 25.8 We have

Q(V2) = {a+bvV2:a,beQ}.
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If a + b\/2 # 0, then
1 _a—bﬁ
a+bv/2 a?—2b%’

so this set is closed under inverses.

Example 25.9 The field Q(z) is the field of fractions of Q[z].

Example 25.10 R(i) = C.

Definition 25.11 Let K be a field extension of F', and let «q,...,a, € K. Then
F(aq,...,ay) is the smallest subfield of K containing F' and all of a1, ..., ay,.

Example 25.12 The smallest field extension of Q in which 22 — 2 has a root is Q(v/2).

Definition 25.13 Let F' C K be a field extension, and let f(z) € F[x] be nonconstant.
We say that f(z) splits over K if it factors over K into linear factors. The field K is a
splitting field for f(x) over F if f(x) splits over K and K is generated over F' by the roots

of f(x).

Example 25.14 The splitting field of (22 — 2)(z? — 3) over Q is Q(v/2,v/3). The splitting
field of 22 + 1 over Q is Q(3).

In general, if f(x) splits over K, then
f@)=b(z —a)(z—a) - (z — o)

for roots aq,...,a, € K. The splitting field is therefore F'(aq, ..., ap).

Theorem 25.15 (Existence of splitting fields) Let F' be a field and let f(x) € F[z] be
nonconstant. Then there exists a splitting field for f(z) over F.
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Lecture 26 — Friday, March 11, 2016

Proof. We proceed by induction on deg(f). If deg(f) = 1, then F is a splitting field for f(x)
over F.

Suppose now that deg(f) > 1 and that splitting fields exist for all polynomials of smaller degree
over any field. By Theorem 25.4, there is an extension field E' of F' in which f(z) has a root a.
Then

f(z) = (z —a)g(x)
in E[x], where deg(g) < deg(f). By the induction hypothesis, g(z) has a splitting field K over E.
If the roots of g(z) in K are by, ..., by, then
F(aabla"'vbm)

is a splitting field for f(x) over F. O

Example 26.1 Find the splitting field for z* + 22 + 1 over Q. We factor
g+ 1= +a+1)(2® —z+1).

+.-3

The roots of 22 + = + 1 are — , and the roots of 2 — z 4 1 are . Thus the

splitting field is

1++v-3
2

Example 26.2 We have
Q(2v2,v2) = Q(v2).

Indeed, V2 € Q(Q\/i, ﬂ), SO Q(ﬂ) C Q(2\/§, \@) Conversely, both v/2 and 2v/2 lie in
Q(v2), so Q(2v2,v2) C Q(v2).

Example 26.3 We show that
Qi,V3) = Qi + V3).

The inclusion Q(i +v/3) C Q(i,v/3) is immediate. Conversely, since i + /3 € Q(i +/3), we
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have

(i +v3)? =24 2iV3 € Qi + V3),
and hence iv/3 € Q(i 4+ v/3). Therefore

(iV3)(i + V3) = —V3 + 3i € Q(i + V3).
Combining this with i + /3 gives
3(i+V3) — (—V3+3i) =4V3 € Q(i + V3).

Together with i + /3, this lets us solve for both i and v/3, so i,V/3 € Qi + \/3) Hence
Q(i,v3) € Q(i + V3).

Theorem 26.4 Let F be a field and let p(z) € F[z] be irreducible. Suppose that « lies in
some extension F' C K and that p(a) = 0. Then

F(a) = Flz]/(p()).
Moreover, if deg(p) = n, then every element of F'(«) can be written uniquely in the form
cno10"1 + cp0a” 2 4t cra + cp,

where ¢; € F.

Proof. Define ¢ : Flz] — F(a) by ¢(f(z)) = f(«). This is a homomorphism. Since p(a) = 0,
we have (p(z)) C ker¢. The ideal (p(z)) is maximal by Theorem 20.6, and ker ¢ # F[x] because
/(1) = 1. Therefore

ker ¢ = (p(x)).

By the first isomorphism theorem, Theorem 14.1,

The image ¢(F[x]) contains F' and «, because £(a) = a for a € F and ¢(x) = . Since F[z]/(p(x))
is a field, ¢(F[x]) is a field. By minimality of F'(«), we get {(F[z]) = F(«).

The isomorphism is explicitly
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By the division algorithm, each element in F[z]/(p(x)) can be written as

Cn12" L+ cpan 2+ - 4 1z + o,

where ¢; € F. Since VU is an isomorphism, each element of F'(«) can be written as

2

— — -1 —
U(cp_12 L+ a2+ 1o+ o) = cp10" + 20"+ -+ cra+ co.

If there were two distinct expressions for the same element of F'(«), then their difference would

n—1

give a nontrivial linear relation among 1, o, a2, ..., a" !, which would contradict the irreducibility

of p(x). Thus the expression is unique. O

Corollary 26.5 Let F be a field and let p(z) € F[z] be irreducible. If @ and § lie in
extensions of F' and satisfy p(a) = p(8) = 0, then F(a) = F(8).

Proof. By Theorem 26.4,

Example 26.6 Let o = v/2 = 21/6. Then « is a root of 25 — 2, which is irreducible over
Q by Eisenstein’s criterion with p = 2. By Theorem 26.4,

Q(V2) = Qla]/(z° - 2).
Also,

Q(\G@) = {6525/6 + 6424/6 + 0323/6 +c92%/6 4 6121/6 +co: ¢ € QY.

Example 26.7 Since 22 — 2 is irreducible over Q,

Q
S
IR

Qlz]/(2? - 2),

and every element of Q(v/2) has the form c1v/2 4 ¢y with cg,c; € Q.
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Example 26.8 Let a =1+ /5. Then
o? =1+ 5,

s0
(a® —1)* =5.

Thus
at—2a%2 —4=0.

Taking p(x) = 2* — 222 — 4, we have p(a) = 0. The rational-root candidates +1, 42, and +4
are not roots of p(z), so any factorization over Q would have two monic quadratic factors.
Since the coefficients of 2 and z vanish, such a factorization would have the form

p(x) = (2 + uz + v)(2? — uz + w),
where the coefficient of = gives u(w —v) = 0. If u =0, then v+ w = —2 and vw = —4, so v
and w would be the irrational roots —1 & /5 of t? 4+ 2t — 4. If v = w, then v? = —4, which
is impossible over Q. Therefore p(x) is irreducible over Q.
It now follows from Theorem 26.4 that

QY1+ VB) = Qal/(a — 202 — 1),
and every element has the form

3 2
c3a” + coa” + o+ ¢,

where ¢; € Q.

Lecture 27— Monday, March 14, 2016
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Uniqueness of Splitting Fields

Example 27.1 We find the splitting field of z* 4+ 1 over Q. The roots of z* + 1 in C are

the fourth roots of
—1 = cos(m) + isin(m).

cos <7722k7r> 1 isin (”12]”) . k=0,1,2,3.

They are

Thus the roots are ) )
i

—
V2 V2
Since 1/v/2 = v/2/2, the splitting field is Q(4, v/2).

1 1
\ﬁiﬁ'

and —
If F'is a field, p(x) € F[x] is irreducible of degree n, and p(«) = 0 in some extension of F, then
F(a) = Flz]/(p(x))
and every element of F'(«) has a unique expression
co+cra+ -+ ™t ¢ eF
Thus {1,a,a?,...,a" '} is a basis for F(a) over F.

We now prove that splitting fields are unique up to isomorphism.

Lemma 27.2 Let F and F’ be fields, let ¢ : F — F’ be an isomorphism, and extend ¢ to
an isomorphism F|x] — F'[z] by applying ¢ to coefficients. Let p(x) € F[x] be irreducible.
Suppose that a is a root of p(x) in an extension of F', and that b is a root of p(p(z)) in an
extension of F’. Then there exists an isomorphism

U : Fa) — F'(b)

such that U|p = ¢ and ¥(a) = b.

Proof. The coefficientwise extension ¢ : F[x] — F'[z] is an isomorphism, and it sends irreducible
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polynomials to irreducible polynomials. By Theorem 26.4, we have isomorphisms
0o : Flz]/(p(x)) = F(a),  and 8 : F'[2]/{p(p())) — F'(b),
where 0,(Z) = a and 6,(T) = b.

Define
@1 Fla]/(p(2)) = F'[2]/{(p(2)))
by

?(f(2) = (f(2)).
This is well-defined because f(z) € (p(x)) if and only if p(f(x)) € {¢(p(x))). It is an isomorphism.

The isomorphisms are summarized in Figure 10.

gl
&
®

ot Flol _w | o g
PO =2 Gy = Gowy =70
a > Tt > Tt > b

FiGURE 10

Set
U =0,0p00,"

Then W is an isomorphism by Proposition 12.4(4) because it is a composition of isomorphisms,
U(a) = b because 0,(T) = b, and V| = ¢ because @(f(x)) = ¢(f(z)) for all f(x) € F[z]. O

Theorem 27.3 Let F and F’ be fields, let ¢ : I — F’ be an isomorphism, and let
f(z) € F[z] be nonconstant. If E is a splitting field for f(z) over F and E’ is a splitting
field for p(f(x)) over F’, then there exists an isomorphism

V:E— E

such that ¥|p = .

Proof. We proceed by induction on deg(f). If deg(f) =1, then E = F and E' = F’, so we may
take U = o.
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Suppose that deg(f) > 1 and that the result holds for polynomials of smaller degree. Let p(x)
be an irreducible factor of f(x), and let a € E be a root of p(z). Since E’ is a splitting field for
©(f(x)), the polynomial ¢(p(z)) has a root b € E’. By Lemma 27.2, there is an isomorphism

a: F(a) = F'(b)
such that a|p = ¢ and a(a) = b.

In F(a)[z], write

f(z) = (& —a)g(x).
Then FE is a splitting field for g(z) over F(a), and E’ is a splitting field for a(g(x)) over F'(b). By
induction, there exists an isomorphism ¥ : F — FE’ such that ¥| F(a) = @ Therefore ¥[p = . [

Corollary 27.4 Let F be a field and let f(z) € F[z] be nonconstant. Then any two
splitting fields for f(z) over F' are isomorphic.

Proof. Apply Theorem 27.3 with F' = F’ and ¢ = idp. O

Lecture 28 — Wednesday, March 16, 2016

Types of Extensions

Let F be a field and let f(z) € F[z] be irreducible of degree n. Our previous work shows that if
f(a) =0 in an extension of F, then

F(a) = Flz]/(f(z)),
and every element of F'(a) has a unique expression

co+ecra+-+ep1a™t, ¢ eF.

There are two main motivations for studying extension fields: splitting fields and linear algebra
over field extensions.
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Definition 28.1 Let F' C K be a field extension, and let a € K. We say that a is algebraic
over F if there is a nonzero polynomial f(x) € F[z] such that f(a) = 0. Otherwise, we say
that a is transcendental over F.

The extension F' C K is called an algebraic extension if every element of K is algebraic
over F. Otherwise, it is called a transcendental extension.

Charles Hermite proved that e is transcendental over Q in 1873, and Ferdinand von Lindemann
proved that 7 is transcendental over Q in 1882. Thus we can say that Q C Q() is a transcendental
extension.

Theorem 28.2 Let ' C K be a field extension, and let a € K. If a is algebraic over F,
then

F(a) = Flz]/{p(x)),

where p(x) is a polynomial in F[x] of minimal degree such that p(a) = 0. Moreover, p(x) is
irreducible.

Proof. Define ¢ : Flx] — F(a) by ¢(f(z)) = f(a). Since a is algebraic over F, the kernel of ¢ is
nonzero. Thus ker(¢) is a nonzero ideal of F[z], so

ker(f) = (p(x))

for some nonzero polynomial p(z) € ker(¢) of minimal degree. By the first isomorphism theorem,

Also, p(a) = 0 because p(z) € ker(?).

The polynomial p(x) is irreducible. Indeed, if p(z) = g(z)h(x) with both factors of positive degree,
then

0 = p(a) = g(a)h(a).
Since K is a field, either g(a) = 0 or h(a) = 0, contradicting the minimality of deg(p). Therefore
F[z]/(p(x)) is a field, and hence ¢(F'[z]) is a field contained in F(a). Since ¢(F[z]) contains both

F and a, it contains the smallest field containing F' and a. Thus ¢(F[z]) = F(a), and the desired
isomorphism follows. O
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Corollary 28.3 If a € K is algebraic over F', then there is a unique monic irreducible
polynomial p(z) € F[z] such that p(a) = 0.

Proof. In the proof of Theorem 28.2, the polynomials in ker(¢) of minimal degree are precisely
the generators of the principal ideal ker(¢). Therefore any two of them are associates in F[x].
Exactly one associate is monic. 0

Definition 28.4 The unique monic irreducible polynomial p(z) € F[z] such that p(a) =0
is called the minimal polynomial for a over F.

Proposition 28.5 Let a € K be algebraic over F, and let p(x) be the minimal polynomial
for a over F. If f(x) € F[z] satisfies f(a) = 0, then p(z) | f(z).

Proof. By the division algorithm in F[z], there are q(x),r(z) € F[z] such that

f(x) = p(x)q(z) +r(x), deg(r) < deg(p),

unless r(z) = 0. Evaluating at a gives r(a) = 0. If 7(z) # 0, then this contradicts the minimality
of the degree of p(z). Hence r(xz) = 0, and p(x) | f(x). O

Remark 28.6 If F' C K is a field extension, then K is an F-vector space: the elements of
K are the vectors, and the elements of F' act as scalars.

Definition 28.7 Let F' C K be a field extension. We say that K has degree n over F',
denoted [K : F| = n, if K has dimension n as an F-vector space. If [K : F| < oo, then
F C K is called a finite extension; otherwise, it is called an infinite extension.

Example 28.8 If a € K is algebraic over F, and if p(x) is the minimal polynomial for a
over F', then

F(a) = Flz]/{p(x)).
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Moreover, if n = deg(p), then every element of F'(a) has a unique expression
co+cra+ca®+-+cp1a™t, ¢ eF

Thus {1,a,a?,...,a" '} spans F(a) over I, and uniqueness gives linear independence. This
set is therefore a basis for F'(a) as an F-vector space, and

[F(a) : F] = deg(p)-

Definition 28.9 An extension of the form F' C F(a) is called a simple extension.

Example 28.10 We have
[Q(v2) : Q] = deg(a® —2) =2,
since 22 — 2 is irreducible by Eisenstein’s criterion. Similarly,
[Q(V2) : Q] = deg(2” - 2) =3,
again by Eisenstein’s criterion. Also,
[C:R] = [R(i) : R] = deg(a? + 1) = 2.

Finally, [Q(z) : Q] = oo, since {1,z,2%,23,...} is an infinite linearly independent set over

Q.

Proposition 28.11 For a field extension F' C K, we have [K : F] = 1 if and only if K = F'.

Proof. If K = F, then [K : F] = 1 because {1} is a basis for K over F'. Conversely, if [K : F] =1,
then {1} is a basis for K over F. Thus every element of K is a scalar multiple of 1, s0 K = F. [

[ Theorem 28.12 Finite field extensions are algebraic. ]

Proof. Suppose that [K : F] =n. If a € K, then the n + 1 elements
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are linearly dependent over F'. Thus there are coefficients cg,cy,...,c, € F, not all zero, such
that
co+cia+---+cpa” =0.

Therefore a is algebraic over F. O

Lecture 29 — Friday, March 18, 2016

The Tower Theorem and Algebraic Extensions

Theorem 28.12 can also be seen directly as follows. If [K : F] =n < oo and a € K, then the set
{1,a, a’,. .. ,a"} has n + 1 elements in an n-dimensional vector space over F. Hence it is linearly
dependent over F', so a satisfies a nonzero polynomial with coefficients in F.

Example 29.1 Let

K =Q(V2,V2,V2,V2,...).

This is an algebraic extension of @, because the elements algebraic over Q form a field by
Corollary 30.1. However, it is not a finite extension. For each n € N, the field K contains
Q(%/2), and 2™ — 2 is irreducible over Q by Eisenstein’s criterion. Hence

[K:Q]>[Q(V2): Q] =n

for every n € N. Therefore [K : Q] is infinite.

Theorem 29.2 (Tower theorem) Let FF C E C K be field extensions. If K is finite over
E and F is finite over F', then

[K:F]=[K:E]E:F)|.

The two stages and their multiplicative degree count are shown in Figure 11.

Proof. Let X = {x1,x2,...,2,} be a basis for K over F, and let Y = {y1,y2,...,ym} be a basis
for E over F'. We claim that
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[K:E]l=n
(K : F] = mn m basis d.iroct.ions at the first stage
x n directions at the second

[E:F]=m

FIGURE 11

is a basis for K over F.

First let a € K. Since X is a basis for K over F, there are b; € E such that

n
a = E b,xz
i=1

Since Y is a basis for I/ over F', for each ¢ there are ¢;; € F' such that

m
bi = Z cijyj.
J=1

Combining these expressions gives

n n m

m
a= E Cij¥j | i = g E CigTiYy-
J=1 '

i=1 i=1 j=1

Thus XY spans K over F.

Now suppose that
n m n m
0=>_> cymy; =) | D_civi | =i
i=1 j=1 i=1 \j=1
where each ¢;; € F. Since ZT:I ¢ijy; € E and X is linearly independent over £, we have

m

Z Cijyj =0

J=1

for each 7. Since Y is linearly independent over F', it follows that ¢;; = 0 for all ¢ and j. Thus XY
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is linearly independent over F'. Therefore XY is a basis for K over F', and

[K:F]=|XY|=nm=[K:E|[E:F]

Example 29.3 We compute [Q(v/2,v/3) : Q] and find a basis. By Theorem 29.2,
[@(v2,v3) : Q] = [Q(V2)(V3) : Q(v2)] [Q(V?2) : Q.

Since [Q(v/2) : Q] = 2, it remains to compute the first factor. The element v/3 is a root of
22 —3 € Q(v/2)[z]. If p(x) is the minimal polynomial for v/3 over Q(v/2), then p(z) | z2 — 3,
SO

[Q(V2)(V3) : Q(v2)] = deg(p) < 2.
We claim that this degree is not 1. If it were 1, then v/3 € Q(v/2), so
V3=a+bV/2
for some a,b € Q. Squaring gives
3 =a” + 20 + 2abV/2.
If a = 0, then 3 = 2b2, impossible for b € Q. If b = 0, then 3 = a2, impossible for a € Q. If

a # 0 and b # 0, then

—a?— 202

3
2 =
V2 2ab €Q

again a contradiction. Therefore

and hence [Q(v/2,V3) : Q] = 4.
A basis for Q(v/2) over Q is {1,v/2}, and a basis for Q(v/2, v/3) over Q(v/2) is {1,v/3}. The

tower theorem construction therefore gives the basis

{1,v2,V3,V6}
for Q(v/2,/3) over Q.
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Example 29.4 Let
K =Q(V/2,V3) and n=[K:Q.

Both generators are algebraic over Q, so adjoining them successively shows that K/Q is
finite. By Theorem 29.2,

n=[K:Q(V2)][Q(V2): Q] = 3[K : Q(V2)],
since 2% — 2 is irreducible by Eisenstein’s criterion. Similarly,
n=[K:Q(V3)][Q(V3): Q] = 4[K : Q(V3)],

since z* — 3 is irreducible by Eisenstein’s criterion. Thus 3 | n and 4 | n, so 12 | n and
n > 12.

On the other hand, /2 is a root of 3 — 2 € Q(v/3)[z], so [K : Q(+/3)] < 3. Therefore
n=[K:Q(V3)][Q(V3):Q <3-4=12.

Hence [K : Q] = 12.

Corollary 29.5 If F C E C K, K is finite over E, and F is finite over F', then K is finite
over F.

Proof. This is immediate from Theorem 29.2 because [K : F] = [K : E][E : F] is a product of
two finite numbers. O

Corollary 29.6 If a is transcendental over F', then [F'(a) : F] = co.

Proof. If [F(a) : F| were finite, then F(a) would be algebraic over F' by Theorem 28.12. This
would imply that a is algebraic over F', a contradiction. O

Theorem 29.7 If F C E C K, K is algebraic over F, and FE is algebraic over F, then K
is algebraic over F.
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Proof. Let a € K. Since K is algebraic over E, there is a nonzero polynomial p(z) € E[x] such
that p(a) = 0. Write
p(z) =by+biz+ -+ bya”, b €E.

Since FE is algebraic over F', each coefficient b; is algebraic over F. Define
F() :F(b()), F1 :Fo(bl), Fg :Fl(bg), ey and Fn = n—l(bn)‘

Each extension F; over F;_i is finite, because b; is algebraic over F;_1. By repeated use of
Theorem 29.2, the extension F}, over F' is finite.

Now p(z) € F,[x] and p(a) = 0, so a is algebraic over F,. Therefore F),(a) is finite over F,.
Applying Theorem 29.2 once more, F,(a) is finite over F. By Theorem 28.12, the extension F,(a)
over F' is algebraic. Since a € F),(a), it follows that a is algebraic over F. O

Lecture 30 — Monday, March 21, 2016

Recall three facts about field extensions. By Theorem 28.12, finite extensions are algebraic. If a
is algebraic over F', then the simple extension F'(a) is finite over F. Finally, by Theorem 29.7, if
F C ECK, K is algebraic over F, and F is algebraic over F', then K is algebraic over F.

Corollary 30.1 Let FF C K be a field extension. Then
L = {a € K : a is algebraic over F'}

is a subfield of K.

Proof. Suppose that a,b € L with b # 0. It is enough to show that a — b, ab, and b~! are
algebraic over F.

Since a is algebraic over F', the extension F'(a) is finite over F. Since b is algebraic over F, it is
also algebraic over F(a), so F(a,b) = F(a)(b) is finite over F(a). By Theorem 29.2, the extension
F(a,b) is finite over F'. Hence F(a,b) is algebraic over F' by Theorem 28.12. Since a — b, ab, and
b~! all lie in F(a,b), they are algebraic over F. Therefore L is a subfield of K. O
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5. Finite Fields and Primitive Elements

Finite Fields

Finite fields were introduced by Evariste Galois in 1830, while he was alive. His motivation was to
understand the solvability of polynomial equations, and the quintic in particular. However, finite
fields also have important applications in areas such as cryptography. Our goal is to classify all

finite fields.

Every finite field has order equal to a prime power. Indeed, if K is a finite field, then its charac-
teristic is a prime p, so it contains a copy of Z,. As a finite-dimensional vector space over Z,, it
has order p” for some n € N.

s N

Definition 30.2 Let
f(x) =apx"™ + 12" P+ ayz+ap € Flz],
where F' is a field. The formal derivative of f(z) is
() = nape" ' 4+ (n— Dap_12™ 2+ - +ay.

The usual product rule holds for formal derivatives.

Lemma 30.3 A polynomial f(x) € F[z] has a multiple root in some extension E of F' if
and only if f(z) and f’(x) have a common factor of positive degree in F[z].

Proof. Forward implication. Suppose that f(z) has a multiple root in some extension E of F. If
a is that multiple root, then

f(z) = (z - a)*g(x)
for some g(z) € E[z]. By the product rule,

so (x —a) | f'(z) in E[z].

Assume, for a contradiction, that f(x) and f’(x) have no common factor of positive degree in F'[z].
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Since F[z] is a Euclidean domain, there are h(x), k(x) € F[z] such that

F@)h(a) + f'(@)k(z) = 1.

Viewing this identity in Ex], the polynomial (z — a) divides the left-hand side, and hence divides
1, a contradiction. Thus f(z) and f’(z) have a common factor of positive degree in F[z].

Reverse implication. Suppose that f(x) and f’(z) have a common factor of positive degree in F[z].
Let a be a root of this common factor in some extension E of F'. Then, in E[z],

f(z) = (z — a)g(x)
for some g(z) € Elz], and (z — a) | f'(x). By the product rule,
f'(@) = (z = a)g'(x) + g(x).

Since (x —a) | f/(x), it follows that (z —a) | g(z). Hence g(x) = (z —a)h(z) for some h(z) € E|x],

Therefore a is a multiple root of f(z). O

Theorem 30.4 (Classification theorem for finite fields) For each prime p and each
n € N, there is a unique finite field of size p™, up to isomorphism.

Proof. Let E be the splitting field of
f)=a?" —a

over Z,. Since
fla) =pta? "t —1=-1

in Zp[z], Lemma 30.3 shows that f(z) has no multiple roots. Thus f(z) has exactly p" distinct
roots in E. Let
K ={a€FE: f(a) =0}.

Then |K| = p".
We show that K is a subfield of E. If a,b € K, then in characteristic p we have

(a+bP" =a” +b"" =a+b,
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soa+be K. Also,

and
(ab)P" = aP"bP" = ab,

so —a € K and ab € K. If a € K and a # 0, then
@ = @) =a

so a~! € K. Thus K is a subfield of E. Since f(x) splits over K, the minimality of the splitting
field gives K = E. Therefore there is a finite field of order p”.

For uniqueness, keep F as above, and let L be any finite field of order p”. The multiplicative
group L\ {0} has order p" — 1. By Lagrange’s theorem,

"l =1
for every nonzero a € L, and hence a?" = a for every a € L. Thus every element of L is a root of
f(x) = 2" — 2. Since |L| = deg(f), the polynomial f(x) splits over L, and L is a splitting field

for f(x) over Z,. By Corollary 27.4, we have L = E. Hence the finite field of order p™ is unique
up to isomorphism. O

Lecture 31 — Wednesday, March 23, 2016

Subfields of Finite Fields

By Theorem 30.4, for every prime p and every n € N there is a unique field of order p” up to
isomorphism. It is the splitting field over Z,, of xP" — z, and its elements are precisely the roots of
this polynomial.

Definition 31.1 The unique field of order p™ is denoted by GF(p™) and is called the
Galois field of order p™, in honor of Galois.
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Proposition 31.2 As an additive group,

GF(p") =Ly S Ly ® - S Ly.

n factors

Proof. The field GF(p") contains its prime subfield GF'(p) = Z,. Hence it is a vector space over
GF(p). If its dimension over GF(p) is d, then it has p? elements. Since |GF(p")| = p", we have
d=n.

Choosing a basis identifies the additive group of GF(p") with the additive group of the n-
dimensional vector space over Z,, which is Z,'. O

Corollary 31.3 We have [GF(p") : GF(p)] = n.

Proof. This is the vector space dimension computed in Proposition 31.2. O

Theorem 31.4 For every divisor m of n, there is a unique subfield of GF(p™) of order p™.
Moreover, these are the only subfields of GF'(p").

Proof. Suppose first that m | n. Then
pn —1= (pm o 1)<pn—m +pn—2m 4. +pm + 1) — (pm _ 1)t,
for some positive integer t. Let

1

K={zxeGF(p"):2Y —z =0}

As in the proof of Theorem 30.4, the set K is a subfield of GF(p").

We next recall why the multiplicative group of a finite field is cyclic. Let
G =GF(p") \ {0}.

By the fundamental theorem of finite abelian groups,

G=Zn ©®ZLp, D+ D L,
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Suppose that there were an integer d > 1 such that d | n; and d | n; for some ¢ # j. Then G would
have two distinct subgroups Hy and Hy of order d. Every element of each subgroup is a root of
x% — 1, by Lagrange’s theorem. Since |H; U Hy| > d, this would give more than d roots of z% — 1
in the field GF(p™), which is impossible. Thus the integers ni,...,ny are pairwise coprime, and
so G is cyclic.

Choose a generator a of G. Since a has order p” — 1 and t divides p” — 1, the element a' has order

pr—-1_
=

p™ — 1.
Therefore the subgroup (a') has p™ — 1 elements, and every element u € (a') satisfies

m_1_1
- Y

uP SO u? = .

Thus
{(ay U{0} C K.

Hence |K| > p™. Since K is the set of roots of the polynomial 27" — z, it has at most p™ elements.
Therefore |[K| = p™, and K is a subfield of GF(p™) of order p™.

For uniqueness, let H be any subfield of GF(p™) of order p™. If u € H is nonzero, then u?" ~! =1
by Lagrange’s theorem, so u?" = u. Also 0P = 0. Thus every element of H is a root of zP" — z,
so H C K. Since |H| = |K| = p™, we have H = K.

Finally, suppose that H is any subfield of GF(p™). Then H contains GF(p), so |H| = p™ for some
positive integer m. By Theorem 29.2,

n=[GF(p"): GF(p)] = [GF(p") : H][H : GF(p)] = [GF(p") : H]m.

Thus m | n. O

Example 31.5 The subfield lattice of GF(224) is determined by the divisors
1, 2,3, 4, 6,8, 12, 24

of 24.

The corresponding subfield lattice is shown in Figure 12.
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FIGURE 12

Lecture 32— Monday, March 28, 2016

Primitive Elements

We continue to use the relationship between finite and algebraic extensions: finite extensions are
algebraic, and simple algebraic extensions are finite.

s N

Definition 32.1 Let F' C K be a field extension. An element o € K is called a primitive
element for the extension if K = F(«).

Theorem 32.2 (Primitive element theorem) Let F be a field of characteristic 0, and
suppose that a and b are algebraic over F. Then there is an element ¢ € F(a,b) such that

F(a,b) = F(c).

Proof. Let p(x) and ¢(x) be the minimal polynomials of a and b over F, respectively. In a
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common splitting field, write the distinct roots of p(z) as
a=a1,a2,...,0n

and the distinct roots of g(x) as
b="b1,ba,..., 0.

Since F' has characteristic 0, irreducible polynomials over F' have no repeated roots.

If m = 1, then ¢(x) has only one root and no repeated roots, so ¢(x) is linear. Hence b € F', and
F(a,b) = F(a).

Now suppose that m > 1. Since F' has characteristic 0, it is infinite. Therefore we may choose

d € F such that a

i — a
d
7éb—bj

forall 1 <¢<nand 2 < j <m. Equivalently,
a; #a+d(b—bj)
forall1 <i<nand2<j<m.

Set
c=a+dbe F(a,b).

We claim that F(c¢) = F(a,b). The inclusion F(c¢) C F(a,b) is immediate. To prove the reverse
inclusion, define

r(z) = p(c — dzx) € F(c)[x].
Then

r(b) = p(c — db) = p(a) = 0.
Let s(z) be the minimal polynomial of b over F'(c¢). Since r(b) = 0 and ¢(b) = 0, Proposition 28.5
gives

s(@)|r(z)  and  s(z)[q()

in F(c)[x].
The roots of s(x) in the chosen splitting field must therefore be common roots of r(x) and ¢(z).

For 7 > 1,
7(bj) = p(c — dbj) = p(a + d(b — bj)).

By the choice of d, the element a + d(b— b;) is not one of the roots a; of p(x). Hence r(b;) # 0 for
j > 1. Thus the only common root of r(z) and ¢(x) is b = by.
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Since s(x) is irreducible over a field of characteristic 0, it has no repeated roots. Therefore s(x)
is linear, so s(z) = © — b. Hence b € F(c). Since a = ¢ — db, we also have a € F(c). Thus

F(a,b) C F(c), and the proof is complete. O
Corollary 32.3 Suppose that F' has characteristic 0 and that a4, ..., a, are algebraic over
F. Then there is an element ¢ € F(aq,...,a,) such that

F(ay,...,ay) = F(c).

Proof. We argue by induction on n. The case n = 1 is immediate. Suppose that the result holds
for n — 1 algebraic elements. Then there is an element d € F(ay,...,a,—1) such that

F(al, e ,an,l) = F(d)
Since d and a,, are algebraic over F', Theorem 32.2 gives an element ¢ € F'(d, a,,) such that
F(d,ay) = F(c).

Therefore
F(ay,...,an) = F(d,a,) = F(c).

Remark 32.4 The proof of Theorem 32.2 used the characteristic 0 hypothesis in two
places. First, it used the fact that a field of characteristic 0 is infinite. Second, it used the
fact that irreducible polynomials over a field of characteristic 0 have no repeated roots in
any extension field.

\ J

More generally, the primitive element theorem holds over any field for which no irreducible poly-
nomial has a repeated root in any extension. Such fields are called perfect fields.

The primitive element theorem also holds for finite fields. Suppose that F' is finite and that
K = F(a,b),

where a and b are algebraic over F'. Then K is finite by Theorem 29.2. As shown in the proof of
Theorem 31.4, the multiplicative group K \ {0} is cyclic. If

KA\ {0} = (o),
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then F'(«) contains every nonzero element of K, as well as 0. Hence F(a) = K.
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Appendix: Lecture and Tutorial Index
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Lecture 1—Monday, January 04, 2016
Lecture 2— Wednesday, January 06, 2016
Lecture 3— Friday, January 08, 2016
Lecture 4 — Monday, January 11, 2016
Lecture 5— Wednesday, January 13, 2016
Lecture 6 — Friday, January 15, 2016
Lecture 7— Monday, January 18, 2016
Lecture 8 — Wednesday, January 20, 2016
Lecture 9— Friday, January 22, 2016

. Lecture 10— Monday, January 25, 2016

. Lecture 11— Wednesday, January 27, 2016
. Lecture 12— Friday, January 29, 2016

. Lecture 13— Monday, February 01, 2016

. Lecture 14— Wednesday, February 03, 2016
. Lecture 15— Friday, February 05, 2016

. Lecture 16 — Monday, February 08, 2016

. Lecture 17— Wednesday, February 10, 2016
. Lecture 18 — Friday, February 12, 2016

. Lecture 19— Wednesday, February 24, 2016
. Lecture 20— Friday, February 26, 2016

. Lecture 21 — Monday, February 29, 2016

. Lecture 22— Wednesday, March 02, 2016

. Lecture 23— Friday, March 04, 2016

. Lecture 24 — Monday, March 07, 2016

. Lecture 25— Wednesday, March 09, 2016

. Lecture 26 — Friday, March 11, 2016
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27.
28.
29.
30.
31.
32.

Lecture 27— Monday, March 14, 2016
Lecture 28 — Wednesday, March 16, 2016
Lecture 29 — Friday, March 18, 2016
Lecture 30— Monday, March 21, 2016
Lecture 31 — Wednesday, March 23, 2016
Lecture 32— Monday, March 28, 2016
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